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Dedication 


Episode I, and things were winding down. It was between fighting robot seasons, since 

BattleBots ran in May and November. I got an e-mail from our community outreach coordi- 
nator, Dawn Yamada, who knew that I was a veteran robot builder and BattleBots competitor. 
She said that a struggling high-school robot team in Richmond, California was looking for 
volunteer mentors. The school was on the way home, halfway between ILM in Marin and my 
loft in Oakland, and I was intrigued. They were a rookie team entering a national robotics 
competition for high schools called FIRST (For Inspiration and Recognition of Science and 
Technology). As a way to build relationships with industry, the competition encourages indus- 
try mentoring from local engineering firms. The Richmond team had no mentors and little 
support from the faculty. What's more, every team gets only 6 weeks to design and build a 
robot, which is a pretty tight schedule, even with generous funding. I found out later that they 
were already into their second week, with little more than a few vague designs. 


t was January of 2002. The ILM Model Shop had finished most of its work on Star Wars: 


Richmond High School isn’t in the best area in Northern California, far from the comfortable 
confines of Marin, although it’s actually very much like the neighborhood where I grew up in 
Los Angeles, near Washington and La Brea (for those who know). Their automotive technol- 
ogy program had long been abandoned, and there was no metal shop. The wood shop had 
antiquated tools with blades that were inappropriate for metal pon Funding, to say the least, 
was very limited. 


_ In contrast, my robot Deadblow cost in excess of $20,000, and I built it using exotic processes 
such as laser cutting, CNC (computer numerical control) machining, abrasive waterjet, and 
wire EDM (electrical discharge machining). It was constructed using the finest materials avail- 
able: titanium armor, a 2024 aluminum frame, and an S7 tool steel hammer head. However, I 
was committed to following the rules of the FIRST competition, which encouraged the men- 
tors and engineers to let the students do most (if not all) of the work themselves. This ruled 

_ out the vast resources of ILM, which included the aforementioned laser cutter and CNC 
machine. Basically, I had to rethink my whole approach to robot building. 


We had no tools and very little money, so we started from scratch. We went to The Home 
Depot and bought a bandsaw, a jigsaw, a drill press and a belt sander. With this set of power 

— tools, a handful of materials, and a dozen students, we set out to build a robot. We didn’t even 
have our own room. We had to borrow a classroom and clean it up at the end of every day, 
hauling all the tools back into a closet. 


I designed Deadblow on the computer, prototyped the frame with lasercut acrylic, and then 
machined the parts with the CNC machine. I had the titanium pieces cut by waterjet, and the 
97 tool steel head got a slot cut all the way down the neck by wire EDM. For our robot - 
Robzilla, we designed everything on graph paper, and used cardboard and Popsicle sticks to 
figure out the mechanics. We prototyped it with plastic plumbing pipe and plywood from the 
hardware store. 


Fe ee a a IN 8 Ra arse ‘ SAT 


Mt Noni wether RNR OI ean My PN Any Ne ap depp Ne 
A 


Thanks to the undying enthusiasm and energy of the students and the school’s program coor- 
dinator, and after more than a few late nights (which I have accepted as par for the course 
when building a robot), we made it to the regional event in San Jose, California, competing . 
with teams two and three times our size. 


While we placed in the middle of the group of 50, the students were happy with getting the 
robot to work and about their learning experience. At the completion of the competition, they 
were surprised with an award for their enthusiasm both on and off the playing field, and for 
“overcoming difficult circumstances” to make it to competition. The next year, their robot 
MechPlow placed sixth overall and made it to the semifinal round. 


I dedicate this book to the students of Richmond High School FIRST Team 841, also known 
as the BioMechs, who helped me rediscover robot building with limited resources. They share 
the spirit of robot builders everywhere, the desire to design and build mechanical wonders. 


About the Author 


Industrial Light & Magic in Marin County, California. He specializes in electronics 

and radio control at the ILM Model Shop, and has credits on numerous movies, 
including Jurassic Park: The Lost World, Star Wars: Episode I - The Phantom Menace, Galaxy 
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the Machines, and most recently, Matrix: Reloaded and Revolutions. 


G rant Imahara is an animatronics engineer and modelmaker for George Lucas’s 


He has installed electronics in R2-D2 units for Star Wars Episodes I and i, secincieg the halo- 
gen light source and rotating color wheel (for the sparkly lights) with a custom microcon- 
troller-based LED circuit that was originally created to make the pulsating lights for the main 
engines of the Protector, from Galaxy Quest. He also upgraded all of the radio equipment and 
speed controls to modern standards. Along with R2-D2 Crew Chief Don Bies and Nelson ~ 
Hall, he is one of only three official R2-D2 operators in the United States. 


Grant developed a custom circuit to cycle the Energizer Bunny’s arm beats and ears at a con- 
stant rate. He performed all electronics installation and radio programming on the current gen- 
eration of Bunnies. He later became the Bunny's driver and the crew supervisor on numerous 
commercials. | 


Grant has a bachelor of science degree in electrical engineering from the University of 
Southern California. He picked up his mechanical skills from the machinists at the ILM 
Model Shop, many of whom date back to Howard the Duck (1986). 


For fun, Grant competes in BattleBots with his robot Deadblow, which set a record for most 
number of hits in the first season of the show. Grant lives in a loft in Oakland, California, 
where he works on his robot and pursues other projects in his spare time. 
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Foreword 


much more. 


Re combat is a sport, but to many of us who have competed, it has become 


- Combat robots are things that you invent, you get dirty with, and you duild. You obsess over 


them. You wake up in the middle of the night thinking about them. Then you get to compete 
with them and see what happens. You will never know exactly what the machine will really do 
until you fight with it. It becomes a chess game in your head trying to anticipate what an oppo- 
nent will do when you don’t have the faintest idea what the opponent is or what it is capable of. 


_And this is before you even have an idea what your own robot is. What a wonderful challenge! 


What an adventure! 


I think the biggest impact all this has had on me personally, and the thing that is the most 
valuable aspect of the sport, is that it is such a wonderful teacher. Your desire for glory and 
destruction has an insidious and unavoidable side effect: you /earn. You really learn. When you 
put all that work and thought into designing these beasts, and then spend every spare second 
building, tearing down, and building again, getting ripped apart and tearing down and building 
again, and again—you stretch your brain. And there are no multiple-choice epicalions here. You © 
kick butt or you're toast. 


_ In my case, I have been able to take what I have learned here and use it every day in my busi- 
ness, and I can tell you it has refined and honed my abilities over such a wide range that I 


would not trade what I have experienced in the sport for anything. Heck, I even have my own 
TV show as a result of it! 


What if you are average Joe with limited resources and no experience with engineering a robot? 
Well, that’s another bonus of the sport—anyone can put together a machine and get in and. 
fight. You don't have to be a rock star or a genius, in fact you can build a pretty simple robot 
and win some rounds if you are lucky and you stick with it. 


My robot, Blendo, suffered its first defeat by just such a robot. The first time we went - 

against this robot we destroyed him in about 30 seconds with one massive hit. This was a 
simple box with a motor in it, and we pretty much ruined it. The second time around the 
builder came with the same design, but it was bigger and he had mounted all the insides of 
the robot on really long rubber mounts to the point where they drooped out of the bottom of 
the thing when he picked it up. Blendo pummeled it, hammered it over and over and threw it 
all over the place, but it held together until Blendo ended up stuck in a corner. My opponent 
had beaten the notorious Blendo. This guy started out with a pretty basic robot, and had lim- 
ited resources at his disposal, but he learned and persevered, and he took down one of the most 
successful robots in the sport. He learned, he adapfed, and he had fun doing it. 


The sport is pretty much like life: If you work hard, if you adapt, if you keep at it, you can 
pretty much do anything you want to, no matter who you are. This lesson is pretty important, 
especially for young people. Their robots will evolve and improve in response to the events in 
the ring; most importantly, the duz/ders do as well. They will learn, they will adapt. 


What you'll learn is this: creative mechanical engineering, design, electronics, physics, chem- 
istry, combat strategy, physical coordination and control, even PR, finance, and team manage- 
ment. And it will consume you like no other hobby. Then you go in front of a bunch of your 
peers and you have a few minutes to pull together the result of your passion and months or 
even years of hard work. The adrenaline rush of all this during battle has to easily be equivalent 
to that coursing through the veins of an Olympic sprinter as he or she approaches the starting 
line. You don’t get that sitting at a desk. You don’t get that tinkering with your car or garden- 
ing. You don’t get all that any other way than by putting your brain and your body on the line 
under pressure in robotic combat. 


So if you are reading this book because you want to get into the sport, good for you! Realize 
that you are about to get an unparalleled education, and your life may change, in all likelihood 
for the better. : 


Jamie Hyneman 
M5 Industries Inc. 
Creator of Blendo 


Host of Discovery Channel’s Mythbusters series 
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Introduction 


relies just as much on your brains as it does on your strength. Best of all, anyone can 
play, and anyone can become a champion. 


Wx to the exciting sport of robot combat. It’s unique among sports because it 


You may ask, “I’ve never done this before. Can I do this?” Here’s a little test to find out if you 
can and should. 


m You have an interest in tinkering or knowing how things work. 
m@ You played with Lego bricks as a kid (especially if you s#i// do). 


= You want to join an enthusiastic community of other tinkerers, engineers, artists, ) 
schoolteachers, special effects wizards, and dozens of other professions. 


m Youre looking for fun. 


If at least one of the above applies to you, congratulations! You've got what it takes. 


Your next question is probably, “How do I get started?” That’s where Kickin’ Bot comes in. 

I remember how it was in the beginning. It was hard to find information. I had to scrape 
together bits of information from all over the place — books, hardware stores, paintball retail- 
ers, scuba shops, the machinists and fabricators that I’ve worked with, and just about anyone or 
anyplace that might have had some part or technique that I could use to build a fighting robot. 


Since then, the robot-building community has exploded with new ideas, and all kinds of 
information is now available both online and in the bookstores. I’ve compiled all of my scraps 
of information from books and product literature, as well as countless Web sites and online 
forums into this book. In addition, I’ve poured in everything that I’ve learned from the ILM 
Model Shop, where we specialize in making things quickly that perform reliably for the movies 
and TV, and added all the hard lessons that I’ve learned from the various upgrades and rebuilds 
of my personal competition robot, Deadblow. | 


About the Book 


The chapters in this book fall into five categories: 


m Basic Design Techniques. Developing and refining robot ideas into a realistic designs. 
= Starting with the Tools. The tools for fabrication. 
m@ Working with Metal. Techniques for cutting and finishing metal. 


m Parts, System by System. Extensive research into the most popular parts and their strengths 
and weaknesses. Assembly details for each system are included in the applicable chapter. 


m ‘Testing and Troubleshooting. Making sure it all works once you've got everything 
together, and building driving skill. 
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Each chapter includes background information and hands-on advice about the topic at hand 
(everything from selecting materials and cutting metal to assembling the parts and testing), 
and many include projects, step-by-step instructions for basic procedures that result in a func- 
tioning robot. | 


The projects follow in order (from 1 to 9), and are structured around a fully designed drivetrain — 
a sort of training bot to learn how to work with metal. I didn’t want the beginning robot 
builder to get stuck in design purgatory and end up with a vaporbot (a robot that is designed, 
but never built). My goal is to give you the skills you need to construct something. 


_ Ive based the projects around paper templates that tell you where to drill the holes and how to 


cut certain pieces. You will print out the templates and paste them to the metal or plastic to 
mark your holes, as described in the projects. These templates, along with complete plans and 
construction pictures, are available for free download from the Kickin’ Bot Web site at www. 
kickinbot.com. The Wiley Web site also has links to evaluate the most recent releases of vari- 
ous CAD software packages that you can use to create drill/fabrication templates for your own 
robot designs. For more information about the projects, flip to “Project 1: Introduction to the 


_ Project Robot” in Chapter 2, “Designing the Robot.” 


Using This Book 


How you use this book is up to you. The normal flow of building is research, design, prototype, 
test, build, test again, revise, and practice. However, since the emphasis here is on building skills 
by getting you started making things, we're going to jump directly into fabrication to get the 
beginning robot builder dirty as soon as possible. More advanced readers may want to skip 
directly to specific chapters for technical info, while beginners should proceed in a linear fashion. 


You may be wondering why we're focusing on the drivetrain instead of weapons. The essence of 
every robot combat event is that if you can’t move anymore, you're disabled, and you automati- 


~ cally lose. Often, it’s a war of attrition, and some robots are as destructive to themselves as they 


are to other robots. If you have a hearty drivetrain, then you can either knock out your opponents, 
or they will knock themselves out. Play it safe with this system, and use battle-proven techniques. 
You can save all your innovative, never-before-seen ideas for the weapon and overall design. 
Remember, even if you have the most kick-ass weapon in the world, and it’s still fully functional 
at the end of a match, if you can’t move, and your opponent still can, you /ose. 


It may seem daunting at first, but you'll soon discover that building a robot is a series of little 
steps. I will be focusing specifically on combat robots and the materials, parts, and techniques 
used to build them. You won't see any chapters on autonomous control, sensors, or do-it-your- 
self electronics. Those are for noncombat robots, and there are several other excellent books 
that already exist on those subjects. 


One last thing: Building and competing with combat robots is not a moneymaking venture. It’s 
not a vehicle for fame. If you're looking for either of those things, then you're in the wrong 
place, and disappointment will inevitably follow. Robot combat is about feeling the satisfaction 
of building something with your own two hands, experiencing the joy of watching your cre- 


_ ation perform like you designed it to in thrilling combat, contributing to the cooperative spirit 


of the robot-building community, and most of all, having fun! 


That having been said, read on, be safe, and go build good robots! 


Getting Started 


ith many projects, getting started is the hardest part. Not so with 

combat robots. You're probably already brimming with ideas 

about weapons and strategies. Before you get too far down the 
path of deciding what material to use for the armor, and which drive motor 
to buy, consider the points in this chapter and make sure that you're going 
in the right direction. We will answer some of the questions you may have 
about the process, including how much this will cost, and how long it will 
take, and give you a basic idea of what you're getting yourself into. As I 
mentioned in the introduction, it’s a bit different than it appears on T'V. 


Getting Your Ideas on Paper 


Before building anything, you've got to start with a picture or description of 
your idea. Most builders already have an idea in their heads for a specific 
weapon. Maybe you have more than one. Write them all down. Perhaps it’s 
a new twist on something you've seen out there, or a combination of ideas. 
In the case of my robot Deadblow, inspiration came from a hammer robot 
called Thor that I'd seen at the Second Annual Robot Wars (San Francisco, 
1995). The robot had genuine personality. It seemed excited as it fired its 
hammer, bucking wildly around the arena, while also commanding fear and 

— respect with its deadly amount of power. Whatever your inspiration, it’s 
important to put your plan down in writing. You don’t have to create a 
dimensioned drawing or a fully rendered CAD (computer-aided design) 
model. Cocktail napkins and the backs of envelopes will do. | 


One of the more challenging aspects of the sport is coming up 
with a catchy name that hasn't been used before. You can use 
www.nameprotect.com to see if your choice has already been 
taken. 





Pick Your Battles 


The next step in the process is to select a competition to enter. The main 
reason you need to choose your competition so early in the process is that 
you've got to see what the weight limits are and what weapons are allowed. 
Before spending weeks and months pondering a weapon, it’s a good idea to 
make sure that it’s legal. The rules are different for every competition. What 








might be allowed at one event may be strictly prohibited at another (flame throwers, for exam- 
ple). Also, the rules change slightly from season to season. You should start by locating compe- 
titions that are available to enter. Then weigh the cost of hotels, entry fees, and other expenses. 
Finally, revise your ideas based on the rulebook and weight limits. 


Finding the Events 


Robot combat has gained widespread popularity in recent years through television coverage. At 
one time, there were three major televised combat robot events: BattleBots, Robot Wars, and 
Robotica. BattleBots was easily the largest of the three events in the United States, with hun- 
dreds of competitors each season vying for the coveted spots in the televised rounds. Since 
then, however, things have changed a bit, and BattleBots and Robotica have gone off the air, 
while Robot Wars continues both domestically and in England. More information on Robot 
‘Wars can be found at their Web site at www.robotwars.com. BattleBots is currently negotiating 
_ with other networks and exploring the possibility of hosting another live event. Updates and 
information can be found at their Web site: www.battlebots.com. Unfortunately, Robotica is . 
pretty much a part of robot history now. 


Where will you fight? Most of the builders in the sizeable U.S. fighting robot community have 
turned to untelevised regional combat events. The Robot Fighting League (or RFL) comprises 
over 20 large and small regional events, banded together under one central organizational ) 
structure. Events are hosted in states all across the country, including California,Arizona, 
Nevada, Minnesota, North Carolina, and Florida. There is a unified rule set that can be scaled 
to the size of each event’s arena. More information is available at their Web site, 
www.botleague.com, as well as a schedule of local competitions. 


Competition Costs 

In deciding what competition you want to enter, logistics is usually the determining factor, 
since all competitors are responsible for their own travel and accommodations, as well as any 
entry fees and shipping costs. I’m sure youd love to compete in a regional event in Los 
Angeles, but if you live in Miami, then you've got to consider airfare to the West Coast, ship- 
ping for the robot, and food and lodging during the competition, all of which could add up to 
more than the cost of your robot. I would target local events first. You don’t have to travel far, 
and it will give you a taste of the combat experience. 


Check the Rules 


Don't just read the rules. Know them. Having a good grasp of the rules will save you from 
wasting precious time and effort on something that’s illegal. Don’t develop your design without 
knowing what's allowed and what’s not. 


Follow the rules. They’re there to ensure fairness, and more importantly, to protect you, other 
competitors, and the audience from weapon systems that exceed the arena’s capabilities, which 
could cause an injury. This isn’t a sandlot sparring match behind the school at 3:00. Break the 
rules and you won't be allowed to compete. 





Questionable Weapons 


You'll find that what’s allowed or prohibited is pretty clearly spelled out in some rulebooks, 
while others are a little vague. If you have an idea that’s not specifically disallowed, but seems 
borderline, it’s best to contact the competition’s organizers and get a ruling from the source. 
Most, if not all, organizers are open to exploring fresh, new ideas that may not fit into estab- 
lished guidelines, as long as they can be done safely and don’t cause any harm to the builders, 
the arena, or the audience. Remember that the organizers will ultimately determine if you can 
compete or not, because they’re liable if something goes wrong. 


This is not to say that you should bother them with every idea that you have, only dorderline 
cases. If the rulebook says, “no explosives,” don’t e-mail them and ask if you can use explosives. 
Likewise, if a weapon clearly falls within established parameters, you won't need approval. 


How Long Will It Take? 


” 
» 


One thing that first-time builders often underestimate is how long it takes to build a robot. It 
will take a while before you will be able to compete. You can't go to “Joe’s Used Robot Lot” and 
purchase last year’s model with low-low financing (although a few robots have been bought and 
sold on eBay). These things are built from scratch, and as a rule of thumb, you will always have 
less time than you need, due to those pesky day jobs that cut into valuable robot-building time. 


You should consider robot building a journey. Like any journey, it doesn’t happen overnight. It 
will take weeks and months to finish. And then, as any veteran robot builder will tell you, it’s 
only finished until after competition. Then, the process of repair begins, and inevitably, the 
robot evolves into something else, as you have the opportunity to go back and fix those few 
small things that were bugging you during the eomecheas and try new and better parts and 
designs. 


The most important goal for time management is to try to finish before the competition. You 
must allow time for testing and fixing the robot (from your testing) before the event. Let me 
say from personal experience that finishing your robot in the pits sucks and is to be avoided. (A 
description of my rookie year experience can be found in Chapter 20, “Going to a 
Competition.”) 


In truth, fabrication time depends on your access to tools and your experience. The more you 
build, the more familiar you become with the tools, and the faster you get. You shouldn't be in a 
rush when building the robot, however, because rushing and cutting corners lead to accidents 
and injury. 


You also need time to practice driving. Driving is what wins and loses matches, because it 
allows you to bring your weapon into contact with your opponent, while escaping theirs. 
Without any practice, how can you expect to drive well under pressure? 
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— Much Will It Cost? 


- Building a competitive robot isn’t going to be cheap. If you do it cheaply, you may be putting 
yourself at a disadvantage compared to others who have more resources than you. As with any 
competitive sport (like auto racing, for example), higher-performance parts cost more. Another 
_ rule of thumb is that bigger robots are generally more expensive. A bigger robot means bigger 
motors and speed controls, more batteries, and more materials overall, all of which inflate the 
cost. If you have no experience and little money, then it’s best to start small, and avoid the - 
superheavyweight category until you've built up your skills and have more disposable income. 


I would set aside a minimum of $3,000 for parts and materials to. build a competitive 
lightweight (60-pound) robot. Add to that another $1,500 for each weight class you step up. 
Also, this does not include the cost of purchasing power tools and other equipment you'll need 
to construct the robot. Of course, these estimates could vary wildly, depending on what type of 
armor you use, if you already have a competition-legal radio system, and whether you have a 
weapon system that uses pneumatics, hydraulics, or a very large and expensive electric motor. 
Bear in mind that there is no limit on the amount of money you can spend on your robot, and 
some teams have spent $40, 000 or more ona single robot (many accomplish this by enlisting 
sponsors). 


The Law of Good, Fast, Cheap: pick any two. Prefabricated custom parts for robot combat can ~ 
save you a lot of time engineering a motor bracket, or a bearing mount. Unfortunately, as the 
law predicts, they tend to be expensive. 





You may be intimidated facing a big team with a lot of resources. It’s true that not everyone has 
a large chunk of money to dedicate to this sport. That’s okay. Here’s the catch: Simply having 
expensive parts doesn’t guarantee.a victory. An expensive robot can face defeat just as easily as 
an average one if it’s not thoroughly tested, or if the driver hasn't had enough practice time. 


Other Tips to Keep the Process Moving 


Here, you can find some general organizational techniques for keeping the design and building 
‘process moving smoothly, as well as some tips to keep you out of trouble that are often over- | 
looked (even by veteran builders), like keeping track of your weight and ordering parts early. 


Keep Track of Your Weight 


The number one thing that makes builders scramble at the end of the build process is haying 
an overweight robot. (You'll hear me mention this numerous times throughout the book.) In 
order to prevent (or at least minimize) the scramble, you've got to start your design with the 
weight limit in mind, and be aware of it at all times. Be as stingy as possible with your weight, 
and you won't end up horribly over the limit at the end. Keep a running list of your parts and 
their weight. You should be able to tally the weights of all your parts and armor at any time, 
which will help you make decisions about lightening other parts. 


— Getting Started 





Remember that your weight is a fixed limit, and you've got to stick to it. Each item that you 

add to the robot’s design eats into that budget. Novice designers and casual observers often 
wonder why you don't just put a saw on every side or a hammer on the front and back. These 

things require weight. Extra weapons mean less armor, or battery capacity, or motor power, and 

the best robot designs balance these categories to avoid weaknesses. | 


| Chapter 4, “Selecting Materials,” tells you all about how to calculate the weight of any given 

| part, and the effect that choice of material has on the weight of a part. Since weight is such an 

y | important part of design, most (if not all) of the parts mentioned in this book also include their 
3 weight as part of the discussion. 





Leave a Paper Trail 


All construction diagrams and notes should be dated, so you can track your changes. It may 
seem simple enough to keep track of now, but things can become impossibly confusing as you 
get further along with construction. Designs often change from the original concept, and most 
of the time, more than once. If you move a bracket, for instance, referring to an old diagram 
could cause you to drill a bunch of holes in the wrong place, possibly making the part unusable. 
I usually have a dimensioned sketch or CAD drawing for each part that I make notes on. All 
that confusion can easily be avoided by taking a few seconds to put a date on a piece of paper. 


Order Materials Early 


Order your materials early in the process. They will take at least a few days to arrive. It’s mur- 
der when you can’t continue working on a part because you forgot to order something that you 
need. Waiting around for parts, especially when you're on a tight deadline, is a drag. 


Before placing an order, read the manufacturer’s catalog thoroughly, and make a list of parts. 
Make sure you've got all the correct (and complete) part numbers. Also have a backup choice if 
(gasp!) your part is out of stock, which happens occasionally, even with huge suppliers like 
McMaster-Carr. Keep the catalog nearby for reference when you call your order in. Being pre-. 
pared will help you feel much less like an idiot if there are complications. Keep all of your parts 
lists in one place. All you need is an envelope or folder in which to collect them separately from 
your other notes. You'll surely need to refer to them again during the build process to get more 
of something that you've run out of (screws, for instance) or to source parts for another robot in 
the future. 


Appendix D describes the Web sites of various online vendors for robot parts, while Appendix E 
.. | lists the contact information for mail-order companies that have catalogs that are useful in robot 
1 building. 





Make a Master To-Do List 


Sit down and compose a list of things to do for every system in the robot. Sometimes it’s hard 
to track your progress, and the task may seem daunting. As I mentioned earlier, it’s a pretty 





long process. It will take more than a few weekends to complete. Having a running checklist of 
steps to perform gives you a little morale boost each time you complete a task and cross it off, 
helping to keep you motivated. Updating your lists can also help identify and prioritize the 
items that need more attention than others. 


Document Your Progress with Pictures 


You should take pictures of your robot as you built it. This will be important later on, if you 
decide to build a Web site. Right now, you may not feel that you'll want to have a Web site for 
the robot, but you should give yourself that option. Not only will you be able to share your 
experiences with other builders, but you can also direct potential sponsors to the site, so they 
can see all of the work that you've done. 


It’s always more interesting when you can see what went into the finished product. Try to 
capture at least the beginning and completion of each step. You don't have to get bogged down 
with documenting every little detail (although I’m sure some builders would appreciate it). Just 
keep a camera nearby so you can snap some shots of your work in progress here and there, _ 
when the opportunity presents itself. 


Wrapping Up 


This chapter has given you the basic rundown of the process of designing and building a 

combat robot. Things may still seem a bit vague at this point, but hopefully, you now have a 

better idea of what will probably be required of you, in terms of both time and money. If you're 

willing to accept the challenge, you will be rewarded with the reening of accomplishment from 
having built something yourself. 


Designing 
_ the Robot 


obot design is like a big jigsaw puzzle, where some pieces belong 
together, others kind of fit, and the rest don’t fit together at all. Your 
job is to take the idea you have in your head, make it into a workable 
design, and select the parts that you need and decide where they should go, 
all without making the jigsaw pieces fit together with a hammer (both figu- 
ratively and literally). _ 





This chapter will show you how to develop the overall plan for your robot 
by introducing some design rules for you to apply to your concept and revise 
accordingly. We get down and dirty with the specifics and the details of 
actual features that will save you time in the pits (like making your batteries 
easily accessible), reduce your robot’s vulnerabilities (by moving fragile items 
inboard), and help you come up with a better overall design. With the 
information in this chapter, I'll try to point out common design mistakes, 
and offer better alternatives. Finally, I’ll introduce some techniques to help 
you select parts and figure out how to fit them into the robot’s frame and 
then we'll get started on your project robot. 


Basic Design Rules 


Below is a list of some of the basic rules for combat robot design that 
should be considered for every robot regardless of the type of weapon or 
strategy, including budgeting your weight, designing for the specific contest 
you will be entering, keeping it simple, and planning to get flipped over. 


Start with the Weight 


As mentioned in Chapter 1, “Getting Started,” weight is the number one 
design issue that’s overlooked by both veteran and rookie builders alike. 
Everything from drive and weapons to armor and batteries should be scaled 
to the weight limit of the robot. By now, you've selected the competition 
that you want to enter and are familiar with the different weight classes and 
their limits. 





An Illustrated tilding Combat Robo 
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When selecting the weight class, remember that larger robots generally cost more to build, 
require more people to maintain and move around, and are more expensive to ship. 





, | You should start by dividing your overall weight limit among the different systems according to 
the following rule of thumb: 30 percent for drive, 30 percent for weapons, 25 percent for armor 
and frame, and 15 percent for batteries and electrical. These percentages are a starting point, 
and you can vary them according to your design, as long as you don’t exceed your maximum 
weight. However, the best designs are balanced so that you don’t end up with no armor, or a 
really wimpy drive system. : 


Make a list of parts for each different system. If the sum of the weights on your list exceeds 
your budget for that system, then you know you've got to scale down. Keep updating your list 
during the design process. It will help you decide whether you can use a part, or whether it’s 
too heavy. 


cel Weight calculations are discussed in detail in Chapter 4, “Selecting Materials." 





= | Match Your Abilities to the Contest 


What type of competition will you be entering? What type of environments will you face? 
Some competitions feature water and flame, while others have active weapons in the arena. 
These issues affect your robot’s required ground clearance (distance from the bottom of the 
frame to the ground) and your tire selection. Another important consideration is whether there 
will be arena weapons or other “house” robots to contend with. Is it more of a head-to-head 
battle, or is there an obstacle course? Some weapon systems rely on speed rather than precise 
maneuvering, which may put you at a disadvantage on an obstacle course. 


. As mentioned in Chapter 1, each competition has its own set of rules that spell out the regula- 
tions and requirements for each robot. Before you can fight in a single match, you've got to pass 
safety. The safety inspectors will be scrutinizing your robot to make sure that you've followed 
all the rules. Failing inspection means scrambling in the pits to fix whatever’s wrong, or else 
you don't get to play. Making huge modifications at the last minute can be incredibly stressful. 
Avoiding this unpleasantness is as simple as following the rules. 


Keep It Simple 


Strive to make your designs simple and efficient. The more complicated the system, the more 
things that can go wrong. Also keep in mind that there’s no way to defeat every kind of robot. 
The number of different designs out there is a reflection of the diversity of the robot-building 
community. Instead, concentrate on removing weaknesses from your robot. You can mentally 
run your frame/armor prototype through the different weapons listed in Chapter 18, “Choose 
Your Weapon,” and try to predict what mye of your design might be exploited by the various 
strategies. 


Get Used to Change 


Rarely, if ever, do robot designs make it all the way from concept to completion without 
changes. Adjusting the design is an important part of the process. For example, you may have 
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to make the robot's frame larger to accommodate your weapon's air tanks. Just keep in mind 
that every change requires you to update the weight of your robot. 


In the design and building process, there are decisions. A lot of them. There are at least a half 
dozen ways to accomplish any given task on the robot. During prototyping, you may discover 
that there's a better way to implement your weapon. Don't be afraid to revise your idea. 


Plan to Get Flipped Over 


You will eventually be flipped or tipped over. It’s just a matter of time. Many robot weapon 
systems are designed specifically for this purpose. Also, combat situations are fast and unpre- 
dictable, and even a random combination of events can flip a robot. Good designs should 
include a way to deal with this. The two most popular solntians 3 are invertible drive and self- 
righting mechanisms. 


An invertible drive means that your robot still has the ability to move around if it’s flipped over. 
The best designs also allow the weapon to be used in this position. A se/righting mechanism is 
any means built into the robot that will allow you to flip yourself back over if you become 
inverted. 


Although an invertible drive is easier to implement, self-righting is preferred, because although 
you can still drive, your weapon usually becomes useless when you're inverted. If you're in a 
close match that’s left to a judge’s decision, spending time on your back with a useless weapon 
will count against you in a big way. 3 


x 


REpOrant Design Issues 


There are several specific design issues that you need to keep in mind as you develop your 
design and position individual parts within the robot’s frame. 


Low Center of Gravity 


Every particle of the robot is subject to the earth’s gravity, and contributes to the total weight. 
If you take into account the mass distribution of the entire robot, it’s possible to find a single 
balance point that behaves as if the total weight is concentrated there. This point is called the 
center of gravity. A low, flat object will have a lower center of gravity than a tall skinny object. 
The higher in the air the center of gravity is, the more likely you are to tip over. Keeping it low 
will improve your ability to maneuver and make it harder for your opponents to flip you over. 


Weight Distribution 


Some weapon designs require a certain amount of weight to be in a certain place for maximum 
performance. For example, when a hammer robot fires, the tendency is for the front of the 
robot to jump up. By positioning heavy items such as batteries towards the front of the robot, 
you can minimize the power lost by jumping, and transfer more of that energy to your 
opponent. 








See Chapter 18 for the weight distribution requirements of other types of weapon systems. 


y) | Size of the Frame 


As you increase the frame size, you also increase the weight dramatically, so it’s better to keep 
the robot as small as possible. The weight you save can be used in other systems. Of course, 
packing everything into a tight space also has its disadvantages. It makes it harder to repair and 
maintain the robot, since it will be harder to get tools into the space. | 


‘Wheel Placement 


Several issues are related to wheel number and placement. Generally speaking, most wheeled 
robots fall into two categories: two or four wheels. Two-wheeled robots usually have two driven 
wheels near the center of the robot (relative to front/back) along with caster wheels (described 
in Chapter 12, “Let’s Get Rolling”) that can swivel in any direction. Four-wheeled robots 
usually have a wheel in each of four corners. The difference between the two strategies is that 
two-wheeled robots consume less power when turning, but are less likely to drive in a straight 
line. Four-wheeled robots s/ip-steer, which means that all wheels have to slip to the side while 
the robot turns, burning a lot of power in the process. However, they inherently drive straighter 
and are more precise at positioning. Another issue is that four-wheel drive systems allow you to 
usually have at least one wheel on the ground if you're lifted, so that you have some means of 
escape. [wo-wheeled robots are usually at the mercy of the lifter. 


Wheel selection and placement issues are also discussed in Chapter 12. 








a Move Fragile Items Inboard 


Protect fragile parts like the radio by moving them away from the edges of the frame. This 
way, even if the armor is pierced, an opponent will need deep penetration to do any damage to 
sensitive components. You may also consider secondary armor for batteries and electronics. 


Easily Replaceable Batteries 


Things can move pretty quickly at a competition, especially as you advance to later tournament 
rounds. The time between matches can become quite short. You won't have long enough to 
charge depleted batteries, and if it takes too long to swap batteries, you could end up in a bad 
situation. You can avoid this by having multiple sets of batteries and making them easy to 
change. 


See Chapter 15, “Choosing Batteries," for more information about mounting and using batteries. 





Designing the Robot 





Ease of Maintenance/Repair 


Some parts of the robot may require maintenance. Tightening chains, for example, may require 
_access to a tensioning screw. Leaving yourself room for a tool or drilling an access hole will 
make minor maintenance between matches much easier. Remember, you've got to move 
quickly in the pits. You won't be under the gun all the time, but it always seems to happen that 
you have something important to fix when you have the least amount of time. 


Shock Isolation 


It’s rough in the arena. Robots get tossed around and bashed repeatedly during a typical match. 
You can help minimize the damaging effects of this pummeling by shock isolating critical 
components. Shock isolating means protecting a component from these sudden jolts by 
mounting it with a shock-absorbing material like neoprene or natural rubber. | 


See Chapter 4 for more information about neoprene and other shock-absorbing options. 


| Leave Yourself Access 


The following items should be made easily accessible in your design. Accessibility of these 
items will allow you to prepare the robot for combat, and quickly and easily activate it once 
you're in the arena, so you don't hold up the competition. Most competitions have a maximum 
activation time, which is intended to keep things moving along. Besides, it can be very unnerv- 
ing trying to perform a lengthy and complicated series of procedures with everyone watching 
you (and waiting). All externally accessible controls and adjustments should be out of the path 
of the weapon. 


m Master power switch (see Chapter 16, “Wiring the Electrical System”) ~ 


m Secondary power switch (see Chapter16, “Wiring the Electrical System”) 


mM Radio RESET switch and Tether/Program port, for IFI radios only (see Chapter13, 
“Choosing Your Control System,” and Appendix B, “IFI System Programming and 
Troubleshooting”) 


m Internal combustion engine fuel tank fill spout (if applicable) 
m Internal combustion engine starting mechanism (if applicable) 
m@ Pneumatic air tank cutoff valve (if applicable, see Appendix C, “Pneumatics”) 


m Pneumatic system purge valve (if applicable, see Appendix C, “Pneumatics”) 


Pneumatic air tank fill nipple (if applicable, see Appendix C, “Pneumatics”) 


Hydraulic bypass/purge valve (if applicable) 
m Hydraulic pressure test point (if applicable) 





tion on putting ‘together a pre-flight checklist to help prepare for battle. This ist i is intended to 
y)| help you perform whatever lengthy and complicated procedures you have to do outside of the 

| arena, right before your match. This will keep your final activation time short ae ensure that 
you didn’t miss any important steps. 


Developing Your Design 


Now you will begin the process of transforming your rough ideas into a workable plan. Listed © 
below are design strategies for refining you basic weapon idea and selecting which parts to use © 
in the robot for drive and control systems. I'll also show you some techniques for figuring out 
how to fit everything into your frame, as well as getting an idea of the size of your robot. 


Weapon Selection 


All weapon systems have their inherent strengths and weaknesses, as described in Chapter 18. 
Perhaps you want to build the ultimate flipper, or a powerful horizontal spinner. Whatever your 
weapon, you should keep the following points in mind. . 


Be Realistic | 
You will be limited by cost, weight, and complexity. For example, specifying a 40-pound fly- 
wheel for a 60-pound robot is unrealistic because it leaves only 20 pounds for frame, armor, 


drive system, batteries, and other electronics, not to mention the motor that would be required . 


to spin a flywheel of that size. Some materials are more costly than others or require special 
tools to work with, as described in Chapter 4. Finally, some weapon systems use technologies 
that require experience and research to be able to implement. When selecting your weapon, it’s 
important to be realistic about your ability to meet all of these requirements. 


Spend It All in One Place 


I suggest spending your weight budget for the weapon system on making a single really effec: 
tive weapon, rather than several mediocre weapons. It’s rarely the case that you'll have enough 
weight to build in several powerful weapons at the same time. Also, having multiple weapons 
may mean driving the robot backwards in order to deploy a rear-mounted weapon, which can 
become confusing for the driver. While it’s true that multiple weapons add versatility, they also 
add complexity. 


Designing Only for the Weapon 

Some builders prefer to design primarily around the weapon, making all other systems secondary 
in priority. This was the design approach I took for the first version of my robot Deadblow. The 
result was a powerful weapon, but a pitifully weak frame and 1/8" thick armor, which is laughable 


for a middleweight combat robot by today’s standards. The weapon had the most attention, while 


the armor was almost an afterthought. As I learned, the danger in overbuilding the weapon 
results in weaknesses in other areas, such as too little armor or drive power. In this sport, balanced 
designs tend to fare the best in the arena. 








Parts Selection 


Parts help determine how fast your robot will be, and how it will handle in the arena. Every 
part should be evaluated for weight. Usually, if it’s light and powerful, then it’s expensive. 
Before committing to actually purchasing your parts, you should use mockups or CAD (see 
below) to try out your selections with the overall design to make sure they work. 


Cookbook Design 

Some builders prefer the cookbook approach, based on what other builders have used. Also 
called cut and paste engineering, this is a perfectly valid strategy as long as you are aware of the 
weaknesses of the systems that you're duplicating. Also, doing some research in the different 
weight classes is an excellent way to develop your ideas for weapons and defensive capabilities. 


Designing with What's Available 


For many builders, cost is the limiting factor that dictates the design. They find themselves 
scrounging from surplus stores and designing around what’s available. Not all good motors 
need to cost hundreds of dollars. Maybe you have scrap aluminum. The first version of Mouser 
Mecha-Catbot used an aluminum satellite dish for the internal support structure. Blendo and 
Ziggo both used Chinese cooking woks for their shells. This type of design saves money for 
those builders on a limited budget, but requires them to be a bit more clever. It often results in 
non-ideal weight distributions and other compromises. 


Parts Selection for Major Systems 


The following components can be selected based on the information in their respective chapters: 
= Motors - horsepower, built-in gearbox, mounting (see Chapter 9, “Selecting Drive 
Motors”) 


= Other mechanical items (roller chain, sprockets, bearing blocks) - used to gear down 
motors and/or distribute drive power to multiple wheels (see Chapter 10, “Mechanical 
Building Blocks,” and Chapter 11, “Working with Roller Chain and Sprockets”) 


Wheels - diameter and composition (see Chapter 12, “Let’s Get Rolling”) 
Control system - technology choices (see Chapter 13) 

Speed controls - power-handling capability (see Chapter 14, “Speed Control ’) 
Batteries - capacity and chemistry (see Chapter 15) 


Weapons - materials (see Chapter 4), technology such as electric motors, pneumatics, 
and hydraulics (see Chapter 18 and Appendix C) 


Laying Out the Internal Components 


Having selected the parts that you want to use, the next step is to try and position them in the 
smallest frame that is feasible using the techniques listed below, including figuring out the 
design on the computer, shuffling around paper cutouts, and manipulating the actual parts and 
full-size mockups. 


An Illustrated. 





Digital Modeling 


Although smaller robots mean less weight, it’s a lot harder to fit all the things to do the job 
into a smaller package. This is where a computer-aided design (CAD) program can help out 
dramatically in figuring out the best placement for all of the motors, batteries, and electronics 
inside your robot’s frame. Unfortunately, this process can become time consuming because 
you've got to create all the models on the computer yourself from available measurements 
before you can use them. However, you can use the computer to help you figure out dimen- 
sions, and print out exact diagrams to use in construction later. 


Paper Shapes 


Maybe you aren't computer-savvy, or don't have any CAD software. A quick and simple way to 
get a tentative parts layout is to cut the shapes of all your parts out of paper and push them 
around until you find a good arrangement. However, since this is only a 2-D representation, 
you will need to examine both top and side views of your parts to check for clearance issues, 
like a part poking through the bottom of the frame. 


Make a Pile of Parts 


If you're sure of your parts choices and have the means to do so, then buy all the parts for your 
robot at one time and lay them out on a table. This is the most direct way to figure out the lay-. 
out because you're working with the exact dimensions for all the parts, and you can easily twist 
and push them around until you find an arrangement that works well for your needs. Perhaps 
you don't have the cash to buy all your parts at once, or maybe youre waiting for some to arrive. 
You can make a mockup, or placeholder for the part that’s about the right size, with paper or 
cardboard and some tape. 


Recalculate the Weight 


If you adjust the frame size even slightly, you must recalculate ihe weight. Adding 1 or 2 inches 
to the length of a robot may have a dramatic effect on the weight. The same goes for changing 
the thickness of an armor plate. For example, if you take a 24" x 24" aluminum baseplate and 
change it from 1/8" thick to 3/16" thick (only making it 1/16" thicker), you add 3.6 pounds. 


erence] Weight calculations are discussed in greater detail in Chapter 4. 





See | Designing the Frame and Armor 


Now that you have a basic frame size that will fit all of your parts, the next step is to design the 
supporting structure. By supporting your armor with a well-designed frame, you can maximize 
its strength, while poor frame design can undermine a piece of armor, and cause it to fail before 


it should. 


| highly advocate making a cardboard mockup of the robot full size, so that you can get a feel for 
how big it's going to be. It's one thing to design on paper or on the computer, but it’s often hard 
to judge exact size from a computer screen. 











Frame and Armor Materials 


There are a variety of different materials that can be used for combat robot armor. Not al of 
them are good, and some have become more popular than others. Aluminum and steel have 
become popular for frame components, while the most widely used materials for armor are 
aluminum, Lexan, steel, and titanium. 


The strength, weight, and cost of various materials are compared in Chapter 4. 


Frame Types 


~ The most popular design approach is a tubular steel or aluminum frame to which various 
armor plates are attached. Plates can be easily replaced during a competition, or removed and 
individually straightened. This strategy relies on a solid frame with a lot of reinforcement (see 
below). Other competitors use an integrated frame, where the armor actually forms part of the 
frame, and various armor pieces help support each other. Again, armor plates can be removed 
and repaired individually. A third option is a mono-body welded aluminum shell, which can 
either serve as its own cohesive structure, or be coupled to a tubular steel frame by shock 
absorbers for high impact resistance. ee shells may be difficult to repair at competi- 
tions where access to welding is limited. 


Full Armor 


Most robots have 100 percent armor coverage all around the frame, including the bottom. 
This is usually a good idea because some competitions have saws that pop out of the floor, 
while others have challenges that feature water or fire. Protecting vital components while 
keeping out the elements is a worthy design goal. 


Project 1: Introduction to the Project Robot | 


Now that you've gotten started and know a little about basic design, it’s time to introduce you 
to the project robot that you will be building through the rest of the projects, as well as an 
explanation of the design choices I made. I felt that it was important to demonstrate how all of 
these techniques work by actually building a working robot. In keeping with the theme of the _ 
book, I used only tools that I could purchase at local hardware stores or through mail order, - 
exactly as described in the chapters. 


To allow you to jump directly into becoming familiar with the tools, I completed the design 
process ahead of time. While working on the design, I struggled with what kind of robot to 
demonstrate. Should it be a hammer, like my robot Deadblow, or a spinner, or maybe a lifter, 
perhaps? I came to the realization that a weapon wasn’t essential in the project robot, because 
the real goal is to give you practice using the tools with the techniques described in the chap- 
ters, not to make a robot that you can take to competition. Besides, most builders have their 
own ideas about what weapons they want to put on their robots, and you're Sivouneeee to be. 
creative and find one that suits you (see eneyies 18). 





An Illustrate 


How Much Will It Cost? 


Since most beginning builders will be using this project to get their feet wet, I didn’t want to 
commit them to building a huge superheavyweight robot, and consequently spending tens of 
thousands of dollars. However, I also didn’t go the cheapest possible route, because I wanted to 
give you a realistic building experience. This is an expensive sport, and you should have an idea 
of what youre getting yourself i into. Fortunately, all of the parts that you buy for these projects 
can be used in a competition robot. After you're done, you can strip the project robot and re- 
use all of the drive components and electronics for your own design. 


The actual cost of the materials, including two sets of batteries, a charger, and the radio control 
system is a little over $2,000, while the cost of tools is about $1,500. The good news is that, as 
mentioned earlier, all of it except for about $250 is completely reusable in a robot of your own 
design. That $250 covers the price of the Lexan and aluminum armor plates. Even so, you 
could recycle those items into scrap pieces to make parts for another robot. 


A complete listing of all the parts, materials, and tools used to build the project robot, as well as- 
the list of vendors, is available at the Kickin’ Bot Web site at www.kickinbot.com. 





“ How Long Will It Take? 


This is not the case for all robots, of course, but thanks to pre-fabricated parts, I was able to 
build the project robot from scratch in five days, including some delivery delays (due to holi- 
days) and design errors. Some of the design errors are explained in the projects to show you 
how to deal with them and recover gracefully. 


The projects are divided into logical breaks that correspond with the chapters. It’s designed so 
that the parts and techniques that you read about in the chapter will then be demonstrated by 
the project. To get the maximum benefit, the novice builder should read along with the book 
and only try the project after finishing the accompanying chapter. This means that while it will 
probably only take a few days of actual building, you'll spend longer reading up on the project 
before actually doing it. | 





= | Chapter 5, “Cutting Metal.” The first power-tool project is right after Chapter 6, “Shaping and 
Ws] Finishing Metal,” so if you're going in order, the projects will conveniently start banter that safety 
“| discussion. 


It is essential before trying any of the projects that you review the power-tool safety guidelines in 


To save time, I’ve also based the projects around paper templates that tell you where to drill the 
holes and how to cut certain pieces. You will print out the templates and paste them to the 
metal or plastic to mark your holes, as described in the projects. These templates, along with 

3 complete plans and construction pictures, are available for free download from the Kickin’ Bot 
Web site at www.kickinbot.com. The Wiley Web site also has links to evaluate the most recent 
releases of various CAD software packages that you can use to create drill/fabrication templates 
for your own robot designs. 





Robot Design Specifics 


As mentioned earlier, the project robot is small. It’s basically a 15" x 14" x 3.5" box with four 
wheels. I started by scaling the armor, drive, and electronics components for a 60-pound 
(lightweight class) robot. However, since this robot has no weapon, there were about 30 pounds 
left over, which is 50 percent of the total weight. The difference between this ratio and my rec- 
ommended ratio of 30 percent for the weapon system will be offset by the larger frame that . 
would be required to fit all of the weapon components. 


One of the design goals of this robot was to get as many of the sensitive components (speed 
controls, receiver, and so on) as far away from the edge of the robot as possible, as shown in the 
parts layout in Figure 2.1 below. That way, any penetrating weapons would have to travel quite 
a ways to get at them. While it might have been more direct to mount components in the space 
above the battery, or pass wires across the top, I decided to keep the space open, so that the bat- 
tery can be changed easily. 





Ficure 2.1: Parts laid out on the plan. 


The Armor 


The 3/16" aluminum base is thicker than really necessary for this robot, since many robots in 
the 60-pound weight class get away with 1/8" thick bases. However, I want to give you practice 
cutting thicker plates. Besides, if your competition features saws popping up out of the floor, a 
1/8" plate can get cut through pretty easily, potentially damaging a battery or speed control. 





The sides are made of 1/2" thick Lexan, which gives you enough thickness to create a screw 
thread into the side of the piece for mounting to the base. Since most attacks will come from 
the sides, I opted for a thinner piece of 1/4" Lexan for the top armor to keep the weight down. 
The strengths and weaknesses of these materials as well as others are discussed in Chapter 4. 


The Drive System © 


The drive system is pretty basic. On each side of the robot, one wheel will be directly driven by 
a DeWalt drill motor, while the other wheel will be driven by a roller chain and sprocket sys- 
tem connected to the same motor. Although there are many other drive system options (as dis- 
cussed in Chapter 12), this arrangement will give you an introduction to using roller chain and 
sprockets. 


Since this will be the first fabrication project for many builders, | wanted to minimize frustra- 
tion by incorporating solutions that I knew were easy to implement, and were going to work 
well. That’s why I selected most of the drivetrain components from Team Delta. Engineer 
Dan Danknick of Team Delta designs and fabricates custom parts for the combat robot 
community. He sells the solutions that he designed for his own champion robots online at 
www.teamdelta.com. 


The project robot uses a Team Delta RCM500 DeWalt motor mount for each drill motor. I 
opted for prefabricated custom RCM200 bearing blocks (also from Team Delta) because I did- - 
n't want you to get bogged down and spend a lot of time trying to line up individual bearings 
for each wheel. In addition, they are designed to integrate seamlessly with the motor mounts, 
and have a weight of only 8.2 ounces. 


The wheels are Colson caster wheels. They are battle-proven to have excellent traction in a 
number of different arenas. Also, I didn’t want to force you to make your own wheel hubs. 
These wheels were purchased preassembled from Team Delta ready for mounting, with key- 
ways already cut into the hubs. Chapter 12 lists various wheel and hub choices, as well as drive 
layout considerations. | 


The Electronics 


The control system for this robot is a Futaba 9CAP radio-control package. The accompanying 
receiver will have its own battery, with a separate on/off switch. Various control systems are 
covered in Chapter 13, while radio-control programming issues are explored in 1 great detail in 


Appendix A, “Advanced R/C Programming.” 


The IFIrobotics Victor 883 speed controls were selected for this project because they are 
affordable and easy to obtain. They are also single- -channel speed controls, so you will get some 
practice in manually enabling the elevon mixing on the radio as described in Chapter 13. All of 
the major speed control choices are listed in Chapter 14. 


The battery will be a single 3.6 Ahr NiCad Battlepack, made by Robotic Power Solutions. 
You've also got to purchase a spare battery, a charger, and a power supply for the charger. 
Battery selection and technology are discussed in Chapter 15. 





A West Marine power switch was chosen for this robot’s master power switch because of its 
ease of mounting and shock resistance. Power switches, wire, and connectors and techniques 
for using them are discussed in Chapter 16. 


The Result 


In the end, the skeptical observer may wonder why you went to all that trouble to build what 
appears to be an “unattractive” box with four wheels that is essentially no more than a radio- 
controlled car. Remind them that this is a training robot, to introduce you to all of the different 
tools that you will need to master to build your own robots. Besides, this box with four wheels 
(shown in Figure 2.2) can carry a full-grown adult across the room at 5 to 7 feet per second, 
and withstand high inertia shocks without blinking an eye. Can your radio-controlled car do 
that? 








Wrapping Up. 


This chapter has presented some of the most important flaws to avoid and critical features to 
keep when developing your combat robot idea into a full-blown design. By consulting the indi- 
vidual chapters described in the parts selection section above, you can get more detailed infor- 
mation to help you evaluate potential part choices and make educated decisions. You should try 

to avoid getting too attached to one particular design. It’s important to experiment with differ- 
ent arrangements and continue to revise the design as you go along. 


As I mentioned briefly in the introduction, this book is structured around helping a beginning 
robot builder develop the necessary skills for constructing his or her own combat robot, and the 
next chapter will begin the discussion of the tools. 


Tools of the Trade 


ools are here to make your robot-building life easier. The more tools 

you buy, the easier your job will be, but if you're on a budget, you 

don’t need to buy all of them at once, and you can still get the job 
done with a minimal set of tools. While some builders prefer to buy as 
many tools as they can all at once, others go out and buy tools as they 
need them. It’s up to you. 


This chapter contains some basic descriptions of the essential tools that are 
used in the building process. Other tools that have more specific applica- 
tions, such as power tools for cutting metal, and tools for sanding and 
shaping, are discussed in their own chapters (see Chapter 5, “Cutting 
Metal,” and Chapter 6, “Shaping and Finishing Metal,” respectively). 


Safety and Protection Equipment 


Safety equipment is the first topic here because it’s extremely important. 
You want the building process to be challenging yet enjoyable. A minor 
injury can put a damper on your efforts, while a major injury can be a life- 
changing event. While safety equipment cannot guarantee that you won't 
have an injury in the shop, it can go a long way in minimizing your risk. 


m Safety glasses (see Figure 3.1) protect your eyes from flying bits of 
metal, wood, or anything else. They are usually made out of high- 
impact plastic, and have side shields, although they are still open on 
the top and bottom. 


One of the biggest problems with eye protection is that it never 
seems to be where you're working. It’s always on the table in the 
other room. Even with multiple pairs, they all seem to magically 
4 end up in the same place. The way to overcome this is very sim- 
ple: Get an eyeglass strap from the drugstore and carry them 
around your neck. This does two good things: It keeps them 
within easy reach, and it reminds you to use them by hanging in 
your field of view. | 











Keep your glasses clean. In the process of building, you'll use all kinds of oils and cutting 
fluids that sometimes splash around and get on your safety glasses. Take a look at the 
lenses. If they're smeared with junk, then use a little Windex and clean them off. When 
you can see better, it won't feel like the glasses are “getting in the way.” 


Goggles (see Figure 3.1) offer more complete eye protection than safety glasses since they 
usually wrap around the sides and fit closely to the face, creating a tight seal all the aay 
around the eyes. 

Eye protection should be worn at all times during metal cutting and finishing operations. 
A face shield (see Figure 3.1) takes protection to the next step, and incorporates a clear 


plastic guard that swings down in front of your whole face. Some power-tool operations, 
such as using a cutoff wheel in a rotary tool, require them for maximum protection. 


safety glasses goggles 





face shield 


Ficure 3.1: Safety glasses, goggles, and face shield. 


m Ear protection (see Figure 3.2) is useful for blocking out especially noisy power-tool oper- 
ations, which helps you concentrate. It can come in the form of earmuffs or disposable 
foam earplugs. The earmuffs cover the whole ear and come as a pair with a headband 
joining them. Disposable foam earplugs are usually sold in bulk packages. 


= Mechanic’ gloves (see Figure 3.2) are often required for handling metal pieces that are too 
hot to touch. They are heat insulated, but also close fitting, not bulky, so that they are 

less likely to catch or get sucked into a power tool. I recommend the Mechanix brand. 
They can be obtained from specialty auto supply shops or Eastwood, a mail-order auto 
supplier (www.eastwoodcompany.com). 








disposable 
ear muffs foam earplugs 


mechanic's gloves 


Ficure 3.2: Ear protection and gloves. 


Hand Tools 


Many of the hand tools in this section will be familiar to the weekend mechanic or handyman. 
They should be readily available at hardware stores. I’ve broken down hand tools into several 
different types, sorted by function. 


Keep your hand tools clean. Wipe off dirt and grease. They'll be less likely to slip and cause an 
injury when you're using them. 





Screwdrivers . 


Screwdrivers are used to turn machine screws. The two major types of screwdrivers are flathead 
and Phillips, as shown in Figure 3.3. It’s important to keep pressure straight down along the 
shaft. If you don't have enough downward pressure, the blades may slip out of the screw head 
and cause damage to your part, injure you, or mangle the screw head, making it impossible to 
tighten or loosen the screw. The screwdriver should be kept perpendicular to the screw head. 
Make sure to use the correct-sized screwdriver for the screw. Too large a screwdriver simply 
wont fit. Too small a screwdriver may damage the tool as well as the screw. 


m Flathead screwdrivers have a single flat blade at the end of a handle. 


Caution Flathead screwdrivers are neither chisels nor pry bars. Using them this.way can damage 
e a the tip as well as cause the tool to shatter. 





m Phillips screwdrivers have a pair of blades in the form of a cross at the end for Phillips 
screws. } 









Phillips screwdriver 





flathead screwdriver 


Ficure 3.3: Flathead and Phillips screwdrivers. 


Wrenches 


Wrenches are used like a long lever arm to tighten nuts and hex-head bolts. They give you the _ 
necessary leverage to make sure everything is held snug. . 


m Allen wrenches (see Figure 3.4) are used to turn cap screws (see Chapter 8, “Fasteners — 
Holding It All Together.” They are pieces of hexagonal steel that are L- or T-shaped, or 
are a part of a foldout kit. 





L-handle one-piece 
Allen wrench Allen set 


T-handle 
Allen wrench 


Ficure 3.4: Allen wrenches. 


= Combination wrenches (see Figure 3.5) are used to tighten hex-head bolts and nuts. They 
combine two types of wrenches: open-end and box-end. The open-end wrench looks like 
a “C” and allows you to slide the wrench horizontally onto the bolt head, while the box- 
end side completely encloses the bolt head and must be applied from the top. 


Chap O 









box end 





open end 
Ficure 3.5: Combination wrench. 


m Socket wrenches (see Figure 3.6) are used to quickly tighten hex-head bolts and nuts with 
a back-and-forth motion. The ratcheting mechanism in the head has a one-way stroke 
that ratchets in one direction and pulls in the other. It’s quicker than a combination 
wrench because you don’t have to remove the wrench from the bolt head to set up for the 
next stroke. Three major sizes that are common in mechanic’s tool sets are '/s" ,*/s", and 
"A". You can get by with just a */" set for almost all robot jobs. 
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Ficure 3.6: Socket wrench and accessories. 





M Adjustable (crescent) wrenches are used to tighten hex-head bolts and nuts. They have a 
moveable jaw that can be set to many different sizes, and they are often used in the pits 
in place of a full set of combination wrenches. Make sure that the jaws are fully tight- 
ened before turning the wrench, or you'll end up damaging the bolt or nut. Pulling force 
should only be applied to the fixed side, as shown in Figure 3.7. 
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Ficure 3.7: Adjustable wrench usage. 





All wrenches should always be pulled towards you. Avoid pushing whenever possible. You 
Be =-{ should consider which way your hand will go if a stubborn nut suddenly releases, or if the 
TioNse| wrench slips. By always pulling the wrench, you can prevent crushed and bloody knuckles 
=|. 4 | caused by slamming into something in the path behind the wrench. 







Pliers 

Pliers are used to grasp or pinch things and hold them securely. Unlike a clamp, which holds 
something securely to a surface, they are portable and use hand power to maintain tension on © 
the object. The different types of pliers are shown in Figure 3.8. 





slip-joint needlenose vise-grips 
pliers pliers 


FicureE 3.8: Various types of pliers. 





™ Combination (ship-joint) pliers have a large joint in the middle that allows the pliers to be 
set to several positions, each with a different clamping capacity. 


m Needlenose pliers have a pointed tip, and are useful for holding small items, and inserting 
and removing pins and clips. 


m Vise-grips are locking pliers. The squeezing force of this device when locked can be 
adjusted by a thumbscrew in the handle. They come in many different styles. 


oe Never use a pair of pliers to hold a nut. It may seem quicker, but you will mangle the sides of the 
nut where torque needs to be applied. The proper tool for holding a nut is a wrench. 





Clamping Devices 


Most metal-cutting operations require that the work be firmly held down for the most safety 
and best results. Clamps are used to hold things securely to a workbench or to each other. They 
are also used to make sure that bench-top power tools are held to the worktable. You should 
have at least two to four clamps handy in the shop. Various types of clamps are shown in 
Figure 3.9. 
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C-clamp bar clamp 
Ficure 3.9: C-clamp, bar clamp, and cantilever clamp. 


m C-clamps are the standard for holding anything down in the shop. They have a C-shaped 
_ body and a large screw thread that’s used to tighten down the clamp. 


m Bar clamps have a larger capacity than C-clamps of comparable size. They have a quick- 
release latch that allows you to loosen and readjust the size of the clamp more quickly 
than a C-clamp, where you have to continue to turn the handle until you reach the 
desired size. 
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@ Cantilever clamps (Kant-Twist clamps) have the handle parallel to the work, as opposed 
to C-clamps, where the handle is perpendicular to the work. This lower profile can be an 
advantage if space is limited. The jaws also remain parallel in any position, and they 
wont transmit the twisting motion that happens when you tighten a C-clamp. 








If the material you're clamping is easily scratched, you can protect the finish by using a scrap of 
“7 | wood between the part and the clamp. 


m Bench vises (shown in Figure 3.10) are large, heavy vises that bolt to your workbench for 
securing items that you need to cut or file. 


You can make “soft jaws" for the bench vise to prevent the textured, hardened jaws from mar- 
| ring your parts as you tighten the vise down. These can be made by bending some thin alu- 
| minum strips to cover the jaws of the vise. Also, there are third-party aftermarket soft jaws that 
are magnetic so they're easily removed if you don’t need them. You can also cut aluminum 90- 
degree-angle stock pieces. ; | 


m Drill press vises are small, portable vises that are intended to be clamped to the drill press 
table for holding small work pieces in place for drilling. Some vises have flanges along 
the sides with boltholes for clamping, while others have straight sides (see Figure 3.10) 
and should be clamped down on the vise body. 





drill press vise bench vise 
Figure 3.10: Drill press vise and bench vise. 


Marking and Distance Measuring 


Before you can do any cutting or drilling, you need to mark your material as described in 


Chapter 5. The tools here will help you do the job accurately. 


m A felt-tip marker is useful for marking aluminum pieces. Markers made by Sharpie work 
best on aluminum. The extra-fine tip should be used for the best accuracy. 


m A steel tape measure (see Figure 3.11) at least 12 feet long is great for long pieces of 
stock, while a 12" x 1/2" steel rule (also see Figure 3.11) made by General or Starrett with 
either 1/64" or 1/100" markings should be used for fine measurements. 











12-inch steel rule 





tape measure 
FicureE 3.11: Tape measure and 12-inch steel rule. 


m Squares give you a true 90-degree angle for making straight edges. A machinist square is 
useful for making precision marks on small pieces. A carpenter's combination square can 
be used for medium-size jobs, and a 16" x 24" framing square is great for marking large 
sheets. All three of these types of squares are shown in Figure 3.12. 
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FiGURE 3.12: Various squares. 


m Angle finders and protractors (shown in Figure 3.13) are both used for indicating angles. 
While a protractor is usually a plastic half-circle with the angle ticks marked out along 
the circumference, the angle finder is a steel tool that adds an arm that can be set to any 
angle on the half-circle, making the marking job easier. 
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Fiure 3.13: Angle finders and protractor. 


m Calipers are used to make high precision measurements, often to 0.001" accuracy. They 
come in both dial and digital readout versions. Micrometers offer higher accuracy than 
calipers. Both are shown in Figure 3.14. 





dial calipers micrometer 


Figure 3.14: Dial calipers and micrometer. 


Drilling and Tapping Tools 


The tools listed here are used in marking and drilling holes and creating threads (tapping) for 
fasteners to screw into. There are several types of specialty drill bits for different jobs, some of 
which, such as the Uni-bit and hole saw, are mentioned here. They are described in more detail 
in Chapter 7, “Drilling and Tapping Holes,” along with their correct application techniques. 


m High-speed steel (HSS) two-flute spiral twist dri// bits are generally used for making 
holes in aluminum and steel. A stepped drill bit (also called a Uni-bit) has an increasing 
radius over several steps, and is used for making holes in thin materials. Both tools are 
shown in Figure 3.15. 








drill bit | unit-bit 
Ficure 3.15: Drill bit and Uni-bit. 


M Hole saws (see Figure 3.16) are used to make big holes, and usually have a pilot drill bit 
to keep the saw centered over the target position. Some models have an interchangeable 
design that allows you to use many different saw sizes with the same arbor and pilot bit. 


™ Countersinks (also see Figure 3.16) are used to put an angle (chamfer) on the inside of a 
hole, so that you can use flathead screws (as described in Chapter 8) or to help guide a 
larger drill bit into the center for enlarging the hole. 
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FiGuRE 3.16: Hole saw and countersink. 
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m An automatic center punch, as shown in Figure 3.16, is used to mark the positions for 
holes. It’s called “automatic” because it’s spring-loaded, so that all you have to do is push 
straight down on the mark. After a certain amount of pressure, the center punch fires 
and leaves a little divot on the mark to guide the drill bit and keep it from wandering. 
Manual center punches are also available. 


Ficure 3.17: Automatic center punch. 


The center punch is good for making lineup marks on complicated assemblies. If you want 
to make sure you reassemble something correctly, put matching dots on each side of two 
pieces that go together. By varying the number (one, two, or three dots next to each 
other), you can get the correct alignment every time. 





m Spiral point ‘aps are used for threading holes for screws. A tap wrench holds the tap and 
allows you to turn it to make the thread. These tools are illustrated in Figure 3.18. 
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Ficure 3.18: Spiral point tap and tap wrenches. 
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Proper techniques for drilling and tapping holes are discussed in Chapter 7. 






Miscellaneous General Tools 


These general tools should be a part of every robot builder’s toolbox, and are collected here 
since they don’t fit into one of the other specialty categories. 


m A hacksaw (see Figure 3.19) can be used to cut most materials, although power tools are 
generally recommended to save time and effort. Proper hacksaw technique is discussed in 


Chapter 5. 





Figure 3.19: Hacksaw. 


m Files (see Figure 3.20) are used to smooth and shape surfaces. There are many different 
shapes and sizes, which are discussed in more detail in Chapter 6. They can also be used 
to remove the sharp edges left over after a metal-cutting operation. A deburring tool is 
used to remove the sharp edge. Deburring tool usage is also discussed in Chapter 6. 





handle tang belly point 
Ficure 3.20: File. 
m The Jall-peen hammer (see Figure 3.21) is used for most hammering tasks in the shop. 


It’s different from a standard claw hammer in that it has one flat end and one rounded 
end. The rounded end is useful for shrinking oversize screw holes. 
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Ficure 3.21: Ball-peen hammer. 


m A scale (see Figure 3.22) is used to measure the weight of the robot or individual parts. 
Most bathroom scales are only accurate enough to give you a rough idea. If you're close 
to the limit, then you need something better. The best scale that I’ve found that’s avail- 
able to the general public is the Pelouze digital scale, model #4040, which has a 400- 
pound capacity and retails for around $150 (McMaster-Carr #17295T39). 
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FicurE 3.22: Pelouze digital scale. 


You can beg your local shipping company to use their scales to weigh your robot. This can be 
inconvenient if you have a large robot, in which case it might be better to weigh it in pieces. 


weights from McMaster-Carr. They will help you calibrate your scale so that you have a truly 
accurate idea of the weight. 
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Electrical Tools 


Not every task in building a robot is mechanical. Electrical systems distribute power internally 
to give the robot life. The electrical tools listed here are used to prepare all of these internal 
connections and make sure that they're strong. 


m Flush cutters (see Figure 3.23) are used to cut wire and cable ties. They have sharp jaws 
for cutting wire and plastic cable ties only. Using them on steel pins or cable will damage 
them. | 


m Wire strippers (also see Figure 3.23) are used to remove the insulation from a wire and 
expose the internal conductor. To use the manual version, you close the diamond-shaped 
jaws around the wire deep enough to cut the insulation and then pull it away. The auto- 
matic version grabs the wire and strips away the insulation all in one motion as you close 


the handles. 
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Figure 3.23: Flush cutters and wire strippers. 


M Crimpers (as shown in Figure 3.24) are used for installing wire connectors by crushing 
(crimping) the barrel of the connector onto the bare end of the conductor. The crimpers 
for fully insulated terminals are used most often in robot building. Some crimpers have 
threaded bolt cutters built into the handle, so that you can easily cut down long screws. 
Larger crimpers for battery terminals are also used quite often in electrical system 
wiring, which is described in Chapter 16, “Wiring the Electrical System.” 


m A soldering iron (see Figure 3.25) is used to apply heat to an electronic component or 
joint. Solder is applied and melts into the joint, forming a semipermanent electrically 
conductive bond. 


mA desoldering tool (see Figure 3.25) is a hand-held vacuum for removing molten solder 
from a joint. It works by depressing a spring-loaded plunger, and releasing it when the 
solder is melted enough to be sucked up. 
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Ficure 3.25: Soldering and desoldering tools. 


m Digital multimeters (DMMs), as shown in Figure 3.26, are used to measure electrical 
characteristics such as voltage, current, and resistance. This is critical for checking the 
voltage of batteries, and also for testing for continuity (an electrical connection) between 
two points. 


m A heat gun (see Figure 3.26) is used when applying heat-shrink tubing for insulation. 
Make sure to get a low-velocity heat gun, and not a paint stripper or a torch, which may 
burn the heat shrink. Master makes an excellent heat gun for these applications. If you're 
careful, you can use a lighter, but this can easily burn the heat shrink. 





digital multimeter 


heat gun 


Ficure 3.26: Digital voltmeter and heat gun. 


Cleanup Tools | 


Cleanup tools are required to keep your shop tools clean and free from small bits of metal 
(chips) that can cause inaccurate cuts and holes by getting underneath the material that you're 
working on. Power tools rely on the flatness of their tables for accuracy. If the tables are covered 
with chips, you'll never maintain accuracy. Also, cleanup tools are essential for keeping the 
inside of the robot as clean as possible. Chips can mean instant death by short-circuit for 
expensive speed controls and receivers. 


@ You will need a small vacuum, as shown in Figure 3.27, for removing bits of metal from 
the robot. A single sliver of metal inside the robot can cause all sorts of mayhem, and 
could result in you losing a match. You don’t need a huge vacuum for this job. Actually, a 
smaller unit is better, because it’s portable, and you can pack it along for use in the pits. 
The Shop-Vac 1x1 (1 HP, 1-gallon capacity) is an excellent vacuum for robot work. It’s 
small and light, extremely powerful for its size, and best of all, only about $25 from the 
hardware store. 


m An air compressor (see Figure 3.27) is extremely handy for getting the inside of the robot 
really clean by blowing it out with a blast of compressed air. It’s also handy in the shop 
for cleaning bits of metal off of tools between uses. Make sure to wear eye protection 
whenever you use compressed air. 
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Ficure 3.27: Shop-vac and air compressor. 


Power Tools 


Power tools are used to make quick work of jobs that would require a significant amount of 


labor to perform by hand, especially when working with tough metals, which take effort to cut | 


through. 


m@ In general, the robot builder should start out with two basic power tools: a cordless drill 
and a jigsaw, as shown in Figure 3.28. Almost all robot-building jobs can be done to 
moderate precision with these two tools. 


. 
cia drill chuck 
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Ficure 3.28: Jigsaw and cordless drill. 


m Next on the list would be a drill press (see Figure 3.29). Other tools should be purchased 
at your discretion following the guidelines in Chapters 5 and 6. 








base 





Ficure 3.29: Drill press. 


. Power tool safety is discussed in detail in Chapter 5. 





Chemicals 


Following are descriptions of several chemicals that are useful in robot building, including lay- 
out fluid, drilling and tapping fluids and lubricants, threadlockers, and solvents. It’s important 
when using chemicals to have adequate ventilation, which means that they should be used out- 


side or indoors where there is adequate airflow. 


m Dykem /ayout fluid is used to paint a thin red or blue layer on the surface of metal that 
can be scratched away to make a mark for cutting or drilling. Since laser printers and 
CAD (computer-aided design) software have become so accessible, you can also simply 
print out layout patterns and use 3M Spray 77 spray adhesive to stick them onto a piece 


of metal. 


m TapMagic, Tapmatic Gold, and Edge Liquid are all drilling and tapping fluids that are 
used to cool the metal during these operations. You can also use WD-40 as a lubricant. 





m Stick wax is used during metal-cutting operations as a lubricant to keep the metal cool, 
although WD-40 can also be used. Abrasive belt cleaner, which usually comes in a waxy 
bar attached to a wooden handle, is used to clean abrasive belts and discs used in sanding 
and shaping operations. 


m Threadlockers are chemicals that.are used to make sure that a screw doesn't unscrew itself 
because of vibration or repeated shock loads. Loctite is a major manufacturer of these’ 
compounds, and there are a few different formulas, each with its own holding strength 
and color. Loctite 222 (Purple) is the low-strength formula, while Loctite 242 (Blue) is 
the medium-strength version, and Loctite 262 (Red) is the high-strength formula. 
Threadlockers are discussed in detail in Chapter 8. 


m@ Other products that Loctite manufactures include Loctite 680 retaining compound, which 
is used to hold bearings (discussed in Chapter 10, “Mechanical Building Blocks”) in 
slightly oversize holes, and Loctite 545 pipe-thread sealant, which is used in pneumatic 
and hydraulic systems to prevent leakage from threaded joints. 


= Isopropyl alcohol and acetone are general-purpose solvents that can be used to clean drilling © 
and tapping fluids from parts, and prep them for threadlockers. They can be used to remove 
felt-tip marker strokes, and acetone is good for removing layout fluid from a finished part. 


Acetone can cloud or damage some plastics, such as polycarbonate. 
= Citrus-based solvents like Goo-Gone are the best for removing sticky residues left by 


labels or spray adhesives. They are also excellent at removing the stick wax remaining 
after a metal-cutting operation. 





m Liquid electrical tape is handy for insulating conductors that are irregularly shaped or 
would otherwise be too difficult to wrap in electrical tape. Its use is described in detail in 
Chapter 16, “Wiring the Electrical System.” 


m Tire traction compound is an aftermarket product from the radio-controlled car-racing 
industry that is applied to rubber or urethane foam tires to improve their traction in the 
arena. Its use is discussed in detail in Chapter 12, “Let’s Get Rolling!” 


Machine Tools 


Machine tools are very big, heavy, specialized pieces of equipment. They are intended for indus- 
trial machine production, and their price (and physical size) are usually outside of the range of 
the average robot builder. 


[Note | There are, however, miniature versions of these tools made by Sherline, Microlux, and Grizzly 
| that are more accessible to both the budgets and the available space of most builders. 





m The /athe (see Figure 3.30) is designed to work on round parts such as shafts and wheel 
hubs. The part is tightened into a chuck (holder) and spun at high speed. A cutting tool 
is placed in a tool holder on a precision cross-slide that allows the user to take off very 
little material at a time. (Wood lathes work on a similar principle but unlike metal lathes, 
they use hand-held tools to carve the wood.) This tool will also allow you to easily drill 

' or bore a hole in the exact center of the part, which is difficult to do by other means. — 
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Ficure 3.30: The lathe. 


@ The vertical mill (shown in Figure 3.31) is a machine tool that is meant for precisely cut- 
ting stock and drilling true holes. Like a drill press, the work remains firmly fastened to 
the table, while the cutting tool spins in the spindle. Unlike a drill press, however, the 
mill table can move in X, Y, and Z directions so that the part can be cut in many differ- 
ent directions, but in a precise and perfectly straight way. 
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Figure 3.31: The vertical mill. 
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Special Processes 


Some jobs, such as cutting extremely hard materials, require other equipment that’s not avail- 
able to most people. By jobbing out these parts (paying someone else to perform the process), 
you can open yourself up to using new materials. 


= = Computer numerical control (CNC) is a process where a computer essentially controls a 
vertical mill in an extremely precise way, giving you parts that are essentially ready to bolt 
together. Usually shops work from CAD drawings, but many vendors can also design 
parts from hand drawings. Aluminum, steel, and just about any other material can be 
made into a 2-D or 3-D part. 


m The abrasive waterjet process is used to cut materials with a computer-controlled high- 
_ pressure abrasive stream of water. This process can handle materials that are otherwise 
very difficult to work with such as titanium. However, it’s only a 2-D process (unlike 

CNC) and can only produce flat parts (such as armor plates). 


Wrapping Up 
As you can see from this brief introduction, there are a variety of tools available to the robot 
builder. It’s your duty to use whatever tools are available to you to get the job done. Though 
many tools can perform the same job, some are better suited than others to a specific task. 


Experience will help you develop a feeling for which tools are better for different situations. 
Make sure to consult each of the specific chapters for safety tips, and take care of your tools. 


hat should I use to make my robot?” is one of the most 


Selecting Materials | 
frequently asked questions that I’ve received over the 


“W 
years. I always answer that it depends on what part of the 


robot you're talking about, what weight class you plan to compete in, and 
how much money you have. You could blindly start building every part of 
your robot out of steel. No doubt it would be a very strong robot, but you 
would probably be over your weight limit in a hurry. You could specify tita- 
nium armor all the way around, but that would be incredibly expensive. The 
goal is to find the best material for each part of your robot. This is not nec- 

_essarily the strongest material, but the material that is strong enough to do 
the job and is as light as possible and won't break the bank. In this chapter, 
you'll learn why some materials have emerged as more popular than others 
for armor, internal structure/frame, and weapons, and why some are consid- 
ered the “best.” P'll begin with an introduction to weight budgeting and 
some sample weight calculations, which will also help you estimate cost. 
Then, Pll list the most popular materials used in robot combat in detail, 
comparing strength, weight, and price. Finally, Pll discuss other raw materi- 
als that may be handy in the building process. 





Consider the Weight 


You should think in terms of a weight “budget.” In the end, all of the parts 
of your robot have to add up and be equal to or less than the competition 
weight limit for your chosen weight class. Therefore, each part of your robot. 
“costs” you a few pounds out of your precious budget. If you decide to 
“spend” a large part of your weight on armor, for instance, then you may end 
up underpowering your drive or your weapon. 


In designing my robots, I divide the robot into systems and give each sys- 
tem a percentage of the total weight. The major systems I use for this calcu- 
lation are: armor/frame, drive, batteries/electrical, and weapons. Usually, the 
ratio is about 30 percent weapons, 25 percent armor/frame, 30 percent drive, 
and the remaining 15 percent batteries/electrical. 


it An Illustrate 





You should realize, however, that these values are a starting point, and can change drastically 
depending on the weapon design that you choose. For example, consider Hazard, a horizontal 
propeller blade spinner in a 120-pound weight class. The designer chose Lexan armor with a 
drill motor drive, which together was probably about 25 percent of the budget. That weapon’s 
strength depended on rotational inertia, and the heavier the blade, the more damage it could 
cause. As a result, the weapon system was probably close to 50 percent of the weight, and the 
final 25 percent comprised a huge array of batteries to power the weapon and drive system. 
This is a risk that you have to take as a robot builder. You're gambling that slightly thinner 
armor can be compensated for with a deadly weapon. In the case of the above example, the 
gamble paid off. 


How Can | Calculate the Weight of a Part? 


The densities listed in Table 4.1 are in pounds per cubic inch. All you've got to do is find the 
volume of your part in cubic inches and multiply by the density to get the weight in pounds. Of 
course, finding the volume of a complicated part may be a bit tricky, but the more accurate your 
volume is, the more accurate your weight estimate will be. Here are a few examples: 


Example: 5/8-Inch Diameter Steel Shaft 6 Feet Long 


= Nee 
2 3.1416 ) (0.625 
Volume -— Wr? L= Ae, = Ga oS ee in.) = 1.84 in? 


Weight — volumex density = (1.84 in.*)(0.283 Jbs./in.’) = 0.52 dbs. 
Example: 1/8-Inch Plate of Aluminum 12” x 18" 

Volume - LX W x H= (18 in.) (12 in.) (0.125 in.) = 27 in? 
Weight— volume X density =(27 in.°\(0.1 lbs./in.*) = 2.7 lbs. 


Popular Materials Compared 


The Table 4.1 lists several different materials that we use in building robots. Explanations of 
each of the column headings follow, as well as a detailed analysis of each material’s typical 
physical properties. You are by no means limited to this rather short listing. Think of it as a 
top-ten list of materials that we use. 


Aluminum 
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Material. S 
Steel (normalized) 
Steel (hardened) _ 


Polycarbonate joan 





Titanium Cu 442 


“The eae are otitis’ for each type of material. Differences in manufacturer's exact formulations and fabrication methods 
will yield slight differences in measured material performance. For more information on a specific material, contact the 
manufacturers. 


t The cost listed here is for the annealed material. The hardening process will incur an additional cost set by the aaa 
based upon the size of the part. 


Sources: Machinery’ Handbook, 26th Edition, and www.matweb.com. 


Most metals can be purchased through an industrial supplier, such as McMaster-Carr, an 
online vendor (as listed in the materials section of Appendix D, “Online Resources”), or at a 
local metal supplier (check the phone book; it’s there between “mental health services” and 
“metaphysical and occult supplies”). 


If a metal is provided in its “annealed” state, this means that it has been heat-treated in a spe- 
cific way to reduce its strength. For many materials, this is the best (and sometimes only) way 
to machine them. The process called “normalizing” is very similar to annealing. Both annealing 
and normalizing fall under the category of “stress-relieving” the metal, rather than “hardening.” 


If a metal has been “hardened,” this means that it has been heat-treated in a specific way to 
increase its strength. This process is usually done in two steps. First, the metal is heated to a 
very high temperature and then cooled rapidly (“quenching”). This makes the metal very hard, 
but also very brittle. Next, it is heated to a lower temperature and cooled very slowly to bring 
back some of the toughness and reduce the brittleness (tempering). 


m The alloy number calls out a specific “recipe” for the material, which mixes in other ele- 
ments with the base element to enhance properties such as strength. For example, you 
could bend pure aluminum with your bare hands, but add in some silicon and magne- 
sium (in the appropriate amounts) and you've got robot armor. 


m Tensile strength (TS) is the u/timate strength of the material. That is, the amount of 
stress required to break the part (puncture, rupture, and so on). It’s listed here in thou- 
sands of pounds per square inch (ksi). 


m Yield strength (YS) is essentially the amount of stress you can apply to a material before 
it’s permanently deformed (bent, dented, and so on). It’s listed here in thousands of 
pounds per square inch (ksi). 


m The elongation (E) is a measure of how much the material can stretch before breaking. 
The higher the elongation, the more flexible the material. It’s expressed here as how much 
(in percentage) of the material’s original length that it can be stretched before it fails. 
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m The density is in pounds per cubic inch. 


‘lM The cost is an approximation based on what I’ve paid for these materials in U.S. dollars 
per pound. 


Aluminum: The Workhorse 


Aluminum is the basic material for many robots. It’s a good choice for most of the parts for 
your robot. It’s a lightweight material that is strong enough to be used as both structure and 
armor. It’s easy to work with (cutting, sanding, and drilling), and it’s also not that expensive on 
the robot builder scale of cost. 


Although aluminum is great for most parts on your robot, weapon tips should not be fabricated 
1 with it. This is a job for steel. 


1 6061-16 | 

6061 is probably the best material to start with if you're a beginning robot builder. It’s a great 
material for general-purpose items such as brackets, supports, and bearing blocks and other 
frame components. It’s readily available in plates, bars, rods, and all sorts of useful extruded 
shapes, such as I-beams, angles, and box channels. Note that with extruded shapes, the price 
will vary from the one listed in Table 4.1, which is for plate stock. I’ve used 6061 as armor in 
the past, but if you can afford something else, then you should probably upgrade. 


6061 responds very well to machining (as well as cutting, drilling, tapping, and so on). I have 
welded 6061 with a TIG (tungsten inert gas) welder, but it takes more patience and practice 
than I can muster. Although I wouldn't trust my welding enough to put it into a combat robot, 
I have heard that there are a few teams that rely on this method rather than fasteners for join- 
ing their armor. 6061 is listed as a heat-treatable alloy, but the -T6 part of the alloy name 
means that the metal has already been heat-treated for maximum strength when you buy it, so 
you don’t have to send it out for treatment. | 


2024-T3 


2024 is a higher-performance aluminum, with almost twice the tensile strength of 6061 at vir- 
tually the same weight. The price that you pay is, well the price. It costs about three dollars 
more per pound, but you do get an immediate increase in performance. I have, over time, 


upgraded most of my 6061 parts to 2024. 


Machining 2024 is essentially the same as 6061. It just takes a little longer. If you're used to 
working with 6061 and you happen to get a 2024 scrap, you may wonder for a second why it’s 
taking so long to cut through it. Unfortunately, 2024 is not weldable. 2024 is listed as a heat- 
treatable alloy, but the -[3 part of the name means that it has already been heat-treated when 
you buy it. 


3003-H14 

3003 should not be used in combat robots. It is highly formable and is the choice if you want 
to sculpt something with metal, such as a car body panel. It’s simply too flexible for our pur- 
poses and should be avoided. 
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‘4 — Selecting Materials - 


Steel: Heavy Metal 


I generally reserve steel for drive axles and weapons, because of its heavy weight and strength. 
Steel is the appropriate material for impact weapons like hammers or rotary blades. You need 
the hardness of the edge and the tensile strength to really impart some damage. 


Steel can also be used for the robot’s frame, although I don’t recommend it for anything under 
a heavyweight, since you will find yourself overweight in a hurry. It’s also too heavy to be used 
as armor. I’ve listed below some of the more popular alloys in combat robot building. 


Steel takes a lot longer to machine than aluminum. It requires slower drill speeds and more pres- 


] sure, and a lot of lubrication. 


1 1018 


This material is called “mild steel” because of its low carbon content (less than 0.2 %). This also 
affects the amount that the material can be hardened, and at this carbon level, it can only be 
case-hardened, which means that the heat treating process will produce a hard surface shell, 
while the core of the part remains relatively soft. This can actually be a benefit for parts that 
absorb a lot of shock, since the surface is hard (for inflicting or resisting damage), but the part 
overall is not brittle. Normally, this steel is sold cold-drawn, which means that it has been pro- 
cessed after being forged by pulling the material through a press. This process enhances the 
hardness of the material that you buy off the shelf. It is weldable and can be bent or pounded 
into different shapes with a hammer. 


By definition, 1018 is a carbon steel, not an alloy steel. The difference is that alloy steels contain 
elements like nickel, chromium, or molybdenum. 


- 4130 


The alloy known as 4130 or “chromoly” or “chrome moly” is popular among builders as a mate- 
rial for making frames and weapons. (Chromoly contains 0.80 to 1.10% chromium and 0.15 to 
0.25% molybdenum, hence the nickname.) Usually, the frames are welded (by someone who 
already has experience welding) and then covered with Lexan or aluminum armor. Chromoly 
has been used in the auto racing industry for constructing race-car frames, and in high-perfor- 
mance bicycle frames, and is well regarded in those circles. It is heat-treatable for hardening (in 
the case of weapon blades), although if a harder part is your ultimate goal, 4340 is more hard- 
enable due to its slightly higher carbon content. 


As a higher-performance steel, 4130 also has a higher price tag and lower availability than mild 
steel. Its higher tensile strength at the same density makes this steel worth the two to three 
times more you'll pay. 


Appendix D lists some aircraft supply houses that can supply chromoly tubing. 





Stainless Steel 


This alloy of steel has at least 10% chromium, which makes the material highly resistant to 
corrosion (and rust), hence the name “stainless.” It’s used in applications that would require a 
steel to be in contact with moisture, such as sinks in the food industry and silverware. I’ve seen 
this material (usually alloy 304) used for armor, but I still believe that it’s too heavy to warrant 
its use in combat. 


Tool Steels 


For weapon systems, you can get some higher-performance steels called tool steels. These steels 
are used mostly in creating the manufacturing dies that stamp /ots of metal parts. They repeat- 
edly form other pieces of metal in big presses with a large amount of force. They are designated 
by a letter and number, such as M2 or H27. The letter indicates the category of tool steel (hot- 
work, cold-work, mold, and so on), and the number helps identify the exact chemical composi- 
tion. Among the tool steels, S7 has gained popularity among builders as an extremely tough 
material for weapons. By the way, the “S” stands for “shock-resisting.” $7 is sold in the annealed 
state (so that you can machine it) and has excellent hardenability. 


Polycarbonate: Fantastic Plastic 


It would seem that polycarbonate (GE brand name and common robot builder slang: Lexan) 
-would be too weak for use in a combat robot. It’s a plastic, right? Yes, but it’s no ordinary plas- 
tic; it’s what they use for bulletproof glass. I remember seeing a Lexan-armored robot in the 
early days of BattleBots and thinking that those designers were crazy. That was until I did the 
math. It turns out that they weren't crazy after all. Lexan really is a great material. 


It’s only half the weight of aluminum, and has about a quarter of the tensile strength. Why 
should it be used for armor? Because of the incredible amount of elongation. On impact, the 
Lexan will begin to deform, and continue to absorb energy while it pushes out of the way. 











Bear in mind that Lexan isn’t perfect. It’s still a plastic, and it is subject to cracking around high 
stress areas, such as screw holes and sharp edges. The key is that you should put a chamfer 
(angle) on any edges and around holes. You don’t have to go very deep — just enough to 
remove the sharp edge from the corner of the material. Any slots or cutouts that you make in 
the material should have rounded corners. No sharp edges. Your armor has to be well sup- 
ported. Shock loading a Lexan plate with neoprene works well. 


Lexan versus Acrylic 


The difference between Lexan and acrylic is astounding. They both weigh about the same, and 
they’re both clear, but that’s where the similarities end. Acrylic is more machineable than 
Lexan, but that’s because it’s brittle. Incredibly brittle. Too brittle. 


Acrylic is appropriate only for the clear display case you plan to put your fighting robot in after 
you retire it. Acrylic has no place on a combat robot, and woe is the poor combat robot builder 
who confuses the two. 


Cyro Industries, a leading acrylic company, has a high-impact acrylic called Acrylite Plus. 
Though more impact resistant than Acrylite FF, it’s still nothing close to Lexan, as shown in 
Table 4.2. 





pate: maar Acrylite F FF Data Sheet #1121D- 0601- 10MG - 
Source: Cyro Acrylite Plus Data Sheet #3059-1201-10VA 
Source: GE Structured Plastics Lexan 9034 Product Data Sheet #SPD-2102B 
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The Izod Impact Strength is a measure of the material's ability to resist an impact. There are a few 
versions of the test, but the “notched” procedure goes like this: A notch of standard size is milled 
nto the specimen, and then a pendulum is swung from a standard height into the sample. When 
| the material fractures, the rebound distance is measured to calculate the amount of energy 
required to crack the material. These figures are given in foot-pounds per inch of notch. 


Titanium: High Performance, High Price 


It’s high performance. It’s expensive. It’s difficult to obtain. It’s the Ferrari of combat robot 
metals. | 


Why Is It High Performance? 


Titanium is considered high performance because of its combination of light weight, strength, 
and shock absorption. It has emerged as the best armor against a spinning weapon. It’s difficult 
to cut with conventional means, which makes it harder to cut through your armor. 


Titanium is also great for parts that are likely to take a beating. The hammer arm of my robot 
Deadblow has been subjected to constant, repeated shock loads as well as attacks by multiple 
spinning robots, all without a scratch. It’s really tough stuff. 


Much of its toughness comes from its high tensile strength and incredible ability to absorb 
shock. It can be heat-treated to increase its strength, but is not suitable as a weapon tip on its 
own. That’s why Deadblow has a titanium arm, but a tool steel hammer head. 


Chapter 5, "Cutting Metal,” has some tips for cutting titanium, if you want to try machining it 
me. | yourself. 





What Alloy Should | Use? 


Without a doubt, you should be buying Ti 6AL-4V, also known as Grade 5. The 6AL-4V des- 
ignation refers to the aluminum and vanadium content in this alloy. The other alloy, 40KSI-YS 
(Grade 2), costs less, but it is not considered high performance and should be avoided. By the - 
way, 40KSI-YS stands for 40,000 psi yield strength, which is the same as 6061-16 aluminum. 
If it has the same yield strength at 1.6 times the weight, why bother? You've got better things 
to spend your money (and weight) on. 


How Do | Get It? 


You should locate a national titanium supplier. I list the contact info for both Tico and 
President in Appendix D. 


Their prices are generally lower than McMaster-Carr, and Tico can waterjet cut to your specifi- 
cations for reasonable prices. The waterjet service is great because it means that you don’t have to 


‘cut it yourself. You just send them a CAD file, and they send you back a (nearly) finished part. 


Order early so you give your supplier enough lead time. Since a robot builder's needs for tita- 
nium are microscopic compared to most orders that come in, you'll usually find that your order 
will be sandwiched between large orders. 
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Please make sure that you're really serious about paying $30 per pound before you give these 
guys a call. 1 suggest doing all the volume, weight, and cost calculations on your parts first. 
And if you're thinking about asking for sponsorship, bear in mind that I’m one of Tico’s biggest 
robot customers and after years of dealing with them, I still haven't been able to garner a 
sponsorship. 


If you're really serious about saving money, and you're willing to cut the titanium yourself, you 


| can find a few online suppliers that will give you a deep discount. The tradeoff is that you're lim- 


ited to the surplus sizes that they have on hand. Check Appendix D for online metal suppliers. 


Other Raw Materials 








Not every raw material used in building your robot will be part of armor, structure, or weapons. 
There are a few other materials that might be handy to keep around. 


Neoprene 


Sometimes you need a material that’s not very hard, and maybe a little springy. Why? Shock- 
absorbing material. You can get away with a thinner piece of armor if you can mount it with 
something that will move out of the way of a big impact, and that’s where neoprene comes in. 
The neoprene fastener is strong enough to hold the armor plate i in place, but springy enough to 
allow it to move, thus absorbing the shock. 


How is neoprene measured? There are all kinds of flavors of neoprene, from super soft to hard. 
It’s measured on the Shore-A scale, which was developed to be able to compare the hardness of 
soft things. For example, a rubber band is about 30 Shore-A, while a shoe heel is about 70 
Shore-A. You can buy a neoprene sampler kit from McMaster-Carr so that you can get a feel- 
ing for the amount of cushioning youd like to have. 


Make sure to check out Chapter 8,"Fasteners— Holding It All Together,” for some neoprene- 


based fasteners to mount your armor. 


Wood 


Wood has been used in a few robots, but never really gained popularity due to arena hazards 
such as saws and flame throwers. It is a great material to prototype with, especially for testing 
out your drive system. For example, if you weren't sure if a particular gear ratio or drive config- 
uration was going to work, then you could quickly bolt everything to a plywood board and try 
it out. Of course, I would highly recommend replacing the plywood board with aluminum in 
the final robot. 


It's good to have a few scrap pieces of 2 x 4 lumber around to put.the robot up off of its wheels, 
or to drill into (instead of drilling through your part and into the kitchen table). 
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Brass 


Brass is a fairly heavy metal, with a density slightly higher than steel. Unfortunately, its tensile 
strength is only about the same as aluminum, so that rules it out as armor or weapons material. 
However, brass is great for shim stock. Shim stock is very thin brass that’s used to make up a 
gap, or correct the height of something. For example, suppose that the hole you made for a 
bearing is too large, and when you insert the bearing, instead of staying in place, it just falls out. 
You could cut a thin strip of shim stock (with a pair of scissors) and slip it in around the bear- 
ing. Then push the whole thing in, and presto! Press fit and everyone’s happy. The brass is very 
bendable, yet has enough strength to maintain its thickness. It is sold in various thin sheets 
from Grainger under “shim stock.” 


_ Wrapping Up 


It’s true that there are easier materials you could work with to make things (wood, for exam- 
ple). When it comes to making an armor plate, a support block, or a weapon tip, the metals and 
plastics listed in this chapter are the best way to go. Remember to balance your choices based 
on where you need the most strength. 


Re . 


Cutting Metal 


s you discovered in the last chapter, there are all kinds of materials 

that you could use to build your robot. Metal is the top choice in 

virtually every combat robot in existence, and this chapter will help 
you safely and accurately cut the metal pieces that will form the basis of 
your robot. We'll discuss tools and techniques for accurate marking, power- 
tool safety (perhaps the most important section in the book), and specific 
options you have in terms of tools for cutting metal (such as the jigsaw and 
bandsaw). 


You don’t need all of these tools at the beginning, just a few general-purpose 
tools to get started. (Some tools are very good at performing one job, while 
others are more general and can perform a variety of jobs.) As you have 
more money to dedicate to the project, you can get more specialized tools, 
which will make your. work a lot faster and easier, as well as more precise 
and better looking. 


Accurate Marking 


Accurate marking is the first step in creating parts for the robot. It shows 
you where to cut the material. Careful marking will improve your precision 
and give you better-fitting parts. Ifa plate is too long, for instance, then it 
may not fit where you want it to. This section will introduce the necessary 
tools and help you develop good marking technique. 


Tools 
The following tools are helpful in the marking process: 


} Steel tape measure — at least 12-foot length. 


» Steel rule — 12" x 1/2" with either 1/64-inch or 1/100-inch 
markings. General makes a great line of small rules. 


} Combination square or machinist’s square. 
» Framing square or long straightedge. 


» Red, green, or blue (not black, which blends in with the metal color) 
felt-tip marker. 


» Scribing tool or hobby craft knife and layout fluid, such as Dykem. 








Tape Measure Technique 


The tape measure is one of the most often used tools for making measurements. However, 
there is a right way and a wrong way to use it. You will notice that the tip of the tape measure is 
a little wiggly. (It moves back and forth to help compensate for its own thickness.) To get an 
accurate inside measurement, the tip is pushed up against an edge so that it is compressed in. 
To get an accurate outside measurement, the tip is hooked on an edge and pulled so that the 
tip extends out, as shown in Figure 5.1 below. Also make sure to have the tape as flat on the 
work as possible. You can pull the tape a little bit past the mark so that it will sit flat on the 
material. 


push tip in 
pull tip out aa ms Z 





inside edge 





outside measurement inside measurement 
Ficure 5.1: Tape measure tip. 


One way to get around errors due to the moveable tip on outside measurements is to extend the 


| tape past the edge, and use the 1-inch mark as your start mark instead of the tip. Don't forget to 
31 subtract 1 inch from your measurement before making your mark. 





Marking the Metal 


There are two ways to mark the metal. The old-school way is to paint the metal with a layout 
fluid such as Dykem. This is a translucent, quick-drying paint that forms a thin red or blue 

layer on top of the metal. Marks are made by scratching away this layer with a scribing tool or 
hobby knife. This is a very precise and robust way of marking the metal that will hold up well 


through all your cutting and sanding operations, although it is a bit time-consuming. 


A less precise (though quicker) way to mark the metal is to use a permanent felt-tip marker. 
The smaller the tip, the more precise your mark will be. The ultra-fine-point permanent 
marker made by Sharpie is the perfect choice. The marks may get smeared during cutting and 
sanding operations, but this is usually good enough for most robot parts. 





When you've completed your cut, or if you marked something incorrectly and want to start over, 
| you can get rid of Sharpie marks with isopropyl alcohol or acetone. Dykem requires acetone to’ 
| remove completely. 





Marking Sequence 


Instead of a straight tick mark or a dot, use a little “V” with the point at your desired measure- 
ment as shown in Figure 5.2 below. This will give you a more precise mark because unless your 
tick is perfectly perpendicular to the ruler, the two ends of the mark will be at different dis- 
tances from the edge. 


For short lines, make a single tick mark on the work, and then use the combination square to 
indicate the cut line. The flat end of the square should be held firmly against the side of the 
stock. Long cuts require a tick mark at each end joined by a long straightedge. 
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Speempoperreererneys 
1. make first tick mark 2. make second tick mark Luts : 


3. strike a long line 4. mark the waste 


3. mark the waste 
1.makea ° Xx 


tick mark ' 






keep the square 
flush to the edge 


Ficure 5.2: Basic marking sequence. 


[Note Use a steel rule whenever possible when making marks. It will yield more accurate results than 
1 the tape. If the measurement is long, then the tape is the way to go. 








ot: An Illustrated Guid 





X Marks the Waste 


It’s important to know which side is the waste side (the side that you don’t want, not your part) 
because all saw blades have a thickness (called a def) that will result in a part that’s too short if 
it’s on the wrong side. In order to prevent the saw kerf from cutting into the part you want, 
clearly indicate the waste side with an X. Saw blades should always be lined up to the waste 
side of your mark. If the saw drifts a little bit, no problem. You can always remove excess mate- 
rial by sanding or filing. If you’re wondering why your armor plate is 1/8 inch too short, go 
back and see if you cut on the waste side or not. Chances are, you lined up the blade on the 
wrong side, and the kerf cut into your part. 


Power-Tool Safety 


Before any discussion of using power tools can occur, safety must be addressed. Power tools are 
incredibly dangerous and capable of great harm. Respect your power tools. : 


Dressing for Success 


Proper dress is required in the shop. Operators should avoid loose-fitting clothing that can 
catch in a spinning tool. Drawstrings that hang down should be removed. Long hair should be 
tied back. All jewelry, including necklaces, bracelets, and even wedding bands, should be 
removed prior to using a power tool. 


Make it a habit to wear eye protection whenever youre cutting or sanding metal. You can keep 
the safety glasses on your head or buy an eyeglass strap that lets them hang around your neck. 
When you are wearing the glasses, make sure that the strap rests-around the dack of your neck, 
and does not hang in front, where it could get caught in machinery. 


Some tools are also very, very loud. You should have ear protection handy in the shop. It will 
help your concentration to filter out ear-splitting noise coming from the tool. 


Setting Up 
All stationary bench-top power tools should be seins clamped or bolted to the workbench 


before any power is applied to the unit. 


Know your tool before you try to use it. This book provides some guidelines, but every tool has 
its own versions of the controls and adjustments. Read the owner's manual thoroughly before 
attempting to use your tool. 


Make sure all guards are in place before using a tool. Defeating them does not increase effi- 
ciency and only makes it more dangerous for you. Check all adjustments and make sure that 
they're tight and won't vibrate loose during the operation. 


When changing blades, make sure that they’re installed in the correct direction according to 
the owner’s manual. Most blades can be installed in more than one way, but will only safely cut 
in one direction. 
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Proper lubrication is required for all metal-cutting operations. Using the proper lubricant for 
cutting metal will prevent tool edges from heating up and losing their temper (hardness), 
which can lead to premature dulling. A dull blade is very dangerous to use, because it won't cut 
very well, and may catch on the material, causing an accident. Remember that heat is the 
enemy of tool edges. Each cutting procedure that follows recommends an appropriate lubricant 
for the job. 


Powering Up 


If this is the first time using your new tool, then work your way up. Build up your confidence 
by making test cuts in various pieces of stock. 


The power tool should be off unless you are ready to use it. 


Do not start any power tool in contact with the work. All power tools should be allowed to 
spin up before bringing the blade into contact with the work. After the operation is complete, 
allow the power tool to spin down completely before withdrawing it from the part. 


Don't force a tool to go faster than it wants to. Your feed should be smooth and slow. Let the 
tool do the work, and cut at its own speed. Both thicker materials and harder materials are nat- 
urally slower to cut. 


Always be aware of how to turn a tool off. Make a quick mental note when you turn the tool 

on. If things start to go wrong during a cut, you want to be able to turn off the tool as soon as | 

possible. | | 
| 


Avoiding Distractions 


Concentrate and stay focused on the work. All outside distractions should be eliminated while 
you work with these tools. Any friends, visitors, or observers should be told not to talk to you 
while you're trying to focus on using these tools. 


If there is an emergency or unsafe situation of which the operator is not aware, the proper 
method for getting someone’s attention while they're using a tool is to make yourself visible in 
their field of vision, and wait for them to acknowledge you. | 


Observers are permitted in the shop as long as they don’t distract you during power-tool opera- 
tion. All observers and helpers should have adequate eye protection even if they're not the ones 
using the power tools. Cutting and drilling operations can throw chips very far in many differ- 
ent directions. Observers should stand outside of the potential path of danger (that is, they 
should not stand directly inline with any cutting blades). Before starting an operation, you 
should check to make sure that all observers are aware of your intentions (sometimes opera- 
tions can be startlingly loud) and have adequate protection. 


Be Sure 


When in doubt, don’t! If there is any doubt in your mind about the operation of your machine 
or the sturdiness of your setup, turn off the machine and leave it off. Take a step back and look 
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at the situation. Consult your operator’s manual. If you don’t have it, look for your model (or a 
similar one) online. Most manufacturers now have their manuals online and available for 
download free of charge. ; | 


Do not proceed if you feel unsure about the situation. These are dangerous tools and they can 
do serious harm if something goes wrong. Respect your power tools. 


This book is a guideline, and you are the ultimate judge of safety in your shop. Stick to the 
above rules, and use your common sense. Consider the alternative of a lifetime without a finger 
or an eye. 


Tools for Cutting 


I’ve discussed proper marking, and you've had the safety introduction, so now it’s time to get 
down to business. Next, I'll discuss all the major power tools for metal working that you can get 
from the hardware store (such as the jigsaw and bandsaw) and detailed application techniques 
and sample setups that you might need, such as cutting in the middle of a big plate, or making 
a big hole. Pay special attention to the metal blades suggested for each tool. They're the secret 
ingredient that makes these techniques work. 


Blades for Metalworking 


For robot-building purposes, having the right blade is more important than having the best 
machine. You can get away with using woodworking machines for metal work because their 
precision is good enough to generate perfectly usable parts, but not with their factory-equipped 
blades. They'll go dull after a handful of cuts, creating a very dangerous situation. If you're 
going to cut metal, then remove these blades and clearly mark them as “wood only.” Put them 
away so they won't be confused with metal-cutting blades. 


Dull blades are a safety hazard. If you find that the blade is generating a lot of heat, and isn't cut- 


7~— | ting like it used to, then it must be replaced. 





<2 \ Blades for the hacksaw, bandsaw, and jigsaw are specified by tooth pitch. Tooth pitch is the 


number of teeth per inch (tpi). In general, thinner pieces require a finer (higher) tpi because 
you want at least three teeth engaging the material at any one time to get the cleanest cut. A 
higher tpi means that the teeth are spaced closer together. 


Harder metals like steel also require a finer tooth pitch. Softer metals like aluminum require a 
coarse tooth pitch, which means that there are less teeth and more space for bits of metal, help- 
ing you to avoid clogging the blade. 


In general, bi-metal hacksaw, bandsaw, and jigsaw blades are the best for cutting all types of 
metal, and will last the longest. Of course, they’re also more expensive than their high-speed 
steel (HSS) counterparts. 





Blades for circular saws are specified by blade diameter and number of teeth. Miter saws can 
use the same blades as circular saws, as long as the blade diameter is correct for your model. For 
cutting nonferrous metal such as aluminum, carbide-tipped blades with at least 40 teeth are 
recommended. For steel, abrasive blades (discussed in the circular saw section) are used. 


Each of the individual tool sections has specific metal-cutting blades that are suggested. Make 


“=| sure to purchase the right blade. Do not attempt any of these techniques with wood-cutting 





| blades. 


Cutting Reference Chart 


There are a lot of different ways to make the same part. Each way has its own advantages and 
drawbacks. The summary below will help you get an idea of the basic tool sequence for differ- 
ent types of parts. Each of these tools will be discussed in more detail later in the chapter. 
_@ Random parts (small or medium-size blocks and brackets): 
« Jigsaw > disc sander > deburring wheel (medium-size parts only) 
* Bandsaw ~ disc sander  deburring wheel (best results for aluminum) 


® Horizontal bandsaw ~> disc sander > deburring wheel (best results for steel) 


m@ Armor plates (long straight cuts): 
* Jigsaw ~> belt sander > deburring wheel 


» Circular saw > deburring wheel (best results, fewer steps) 


m Short cuts in long bars or rods: 
® Hacksaw ~ disc sander > deburring wheel (good general results) 
« Miter saw — deburring wheel (best results for aluminum) 
# Horizontal bandsaw ® deburring wheel (best results for steel) 
% Cutoff saw > disc sander > deburring wheel (steel only) 


= Reciprocating saw or jigsaw ~ disc sander > deburring wheel 


The Hacksaw 


The hacksaw, shown in Figure 5.3, is one of the most basic and inexpensive tools for the robot 
builder. It’s capable of cutting almost anything that you throw at it, and the blades are cheap 
and easily changed. Why isn’t it used more? Because it relies on your strength to do the cutting, 
which can make a big job feel slow and tedious. In this age of power tools, there are many tools 
out there that will do a better, faster job for a reasonable amount of cash. Still, the hacksaw 
deserves a place in your toolbox for emergencies, and various small jobs. 








Ficure 5.3: The hacksaw. 


When using the hacksaw, the stock should be firmly clamped into a vise and held completely 
immobile. If the stock is allowed to wiggle or otherwise move, the cut will take significantly 
longer, and will not result in a flat end. 


If you're concerned about marring the finish of a part in a vise or clamp, a strip of brass or scrap 


<4 of aluminum between the work and the clamp will protect the part's surface and keep it looking 


1 nice, while holding it securely. 


~ Make sure to choose the correct blade for your material. As with all metal-cutting operations, 
lubrication in the form of a stick wax or WD-40 is required. 


One of the most important things to realize is that a hacksaw cuts only in the forward direc- 
tion of the stroke. This means that downward pressure should only be exerted on the forward 
(cutting) stroke. Applying excessive force during the return stroke will only cause the teeth to 
dull, and may cause the cut to veer sideways. Also make sure to install the blade correctly with 
the arrow printed on the blade facing forward. 


Start by holding the saw with your right hand, and put your left hand on the clamped stock. 
Guide the blade with your left thumb for the first few strokes, as shown in Figure 5.4. Keep 

- guiding the blade until you've cut a deep enough groove so that the blade won't shift horizon- 
tally. Then, bring your left hand to the front of the hacksaw frame and use it to apply even 
pressure during the cutting stroke. 


Although it can be used to cut horizontally, the hacksaw is best used when cutting straight 
down. The hacksaw also has a depth limitation. Eventually, the work will run into the handle. 
Keep this in mind when planning your parts. 


The Jigsaw 


The jigsaw (also called a saber saw, see Figure 5.5) can cut all types of metal, thanks to the abil- 
ity to easily change blades and the variety of blades available. It’s portable, yet powerful. A jig- 
saw can make straight and curved cuts, both inside and outside. It can cut most pieces that are 
too big for other tools. The maximum material thickness that you can cut is limited by the 
blade. For example, some Bosch jigsaw blades will allow you to cut up to 3/4-inch thick alu- 
minum. Because the jigsaw is completely mobile, the width and length of the work is not 
limited. 
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Ficure 5.4: Proper hacksaw technique. 


Keep in mind that all cuts will probably need to be cleaned up. Also, it’s difficult to work on 
small parts with this tool, which is better done with a bandsaw. 


trigger 





footplate 
Ficure 5.5: Parts of the jigsaw. 








What to Buy 


Most jigsaws will be able to do a decent job with metal, but as a general rule, more horsepower 
is better. It will increase your ability to cut different materials and thicknesses. I use a Bosch 

‘ model 1587AVS jigsaw. It has enough power to take care of all the robot-building jobs that I 
have. Changing blades is quick and easy. Best of all, it has a trigger lock that allows you to set a 
speed level and lock the jigsaw on, which is great for long, low-speed cuts in hard materials 
such as steel. 


Blades are relatively cheap (only a few dollars each) and easily found at local hardware stores. I 
recommend the Bosch T118B blades for aluminum. This is a 14-tpi high-speed steel blade 
with a Bosch- -style T-shank. If you have another brand of jigsaw that uses a universal shank 
(the other major shank style), use the model U118 blades, which are the same tooth pitch and 
material but with a universal shank. These blades cost about $10 for a pack of five from the 
hardware store. For longer blade life, you can use the T118BF, which is the bi-metal version of 
the blade. It costs a few dollars more, but will last longer. The T118B blades will allow you to 
cut at maximum speed in aluminum. Make sure to use ample lubrication (WD-40). These 
blades can also be used to cut steel at a slower stroke rate (about half the maximum rate). 
Again, WD-40 is required for lubrication during the cut. 


Safety Precautions for Jigsaws 


In addition to the safety precautions listed in the “Power-Tool Safety” section, the jigsaw 
requires a few special tips. First, make sure to choose the correct blade for your material. As 
with all metal-cutting operations, lubrication in the form of WD-40 or a cutting fluid is 
required, 


The jigsaw requires a stable surface to pull against. Make sure to always start vith the bottom 
footplate flat on the work surface as shown in Figure 5.6. If you're starting on the edge of a 
plate, you will have to keep the back end of the saw up so that the footplate is level. Line up to 
the waste side of the mark. Let the jigsaw reach full speed before bringing the blade into con- 
tact with the work. 


Adequate support on both sides of the cut is necessary. If the work flexes down while you're 
cutting, this can pinch the blade (called dinding). If the blade becomes immobile, it could cause 
the tool to jump up and down, giving you a bumpy ride. 


Finally, apply moderate pressure, but don’t force it. The saw should be doing the work. Guide 
the tool smoothly all through the cut. Continue to the end of the sheet, and let go of the trig- 
ger, allowing the blade to slow all the way down to a stop before retracting. Make sure to wipe 
off the footplate between cuts so that bits of metal don’t get underneath, causing the tool to 
ride up slightly on one side, and giving you an unwanted angle on the edge. 


Be aware at all times of where the blade will be exiting the work. Never, ever reach underneath 
; to see if the blade has made it through the stock. 
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Ficure 5.6: Jigsaw lineup. 


Setup Tips for Different Situations 


There are a variety of cutting situations where you can apply the jigsaw. Described below are 
some common setups that you may encounter. 


Normal Cuts 


For most cuts, the work can be clamped to a table or supported by a sawhorse so that the waste 
side will fall away. If you’re cutting in the middle of a large plate, make sure that the plate is 
supported in four places: two on one side of the blade, and two on the other, as shown in 
Figure 5.7. That way, the work will remain stable (that is, not close down, een. the blade) — 
during and after the cut. 
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Ficure 5.7: Setup for cutting in the middle of a plate. 
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Long Straight Cuts 

This setup requires a long straight piece of wood or aluminum to help guide the saw. Mark the 
cut line on the work, and measure the offset from the edge of the footplate to the blade. Mark 
another line with this offset distance for your guide. Clamp the guide in place. When cutting, 
make sure that the side of the footplate is held firmly against the guide. Be aware that this type 
of cut can drift. It’s best to clamp the guide on the usable side of the work, as shown in Figure 
5.8, so that if the saw drifts, it will go into the waste side, which you can sand or file flush to 


the correct mark. 
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Ficure 5.8: Straight guide jigsaw setup. 


Inside Cuts, Big Holes, or Circles 

In woodworking, it is common practice when making a large hole or interior cutout to plunge 
into the work with the jigsaw by tipping the saw up on the front edge of the footplate and 
slowly lowering the blade into the work. Because metal is much harder than wood, this is not 
recommended. Fortunately, the recommended practice is pretty easy to implement. You need to 
drill a starter hole that’s big enough to fit the blade into. Insert the blade into the hole, which 
will allow you to rest the footplate flat on the work. Make sure that the blade is not in contact 
with the work when you start the saw. Open up the hole to your mark, as shown in Figure 5.9. 
If the circle is the part that you want, then put the starter hole on the outside of the important 
area. 


Thin Stock 

Thin stock (less than 1/16 inch thick) is a special situation because it can flex so easily. You'll 
probably end up with a pretty ragged edge if you don't keep the material from flapping around. 
The solution is to clamp some 1/4-inch plywood on top and bottom, sandwiching the material. 
Make sure to transfer your marks to the plywood and cut both the plywood and the metal at 
the same time. 
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Ficure 5.9: Starter hole placement. 


Reciprocating Saws for Steel 

The reciprocating saw shown in Figure 5.10 is a coarse tool. It’s kind of like the big brother to 
the jigsaw. Usually it’s used for demolition jobs such as tearing down walls. However, the recip- 
rocating saw is useful to the robot builder because it can cut through steel really well. The only 
problem is that since it’s hand-held, the straightness of your cut will depend on how steady 
you are. 





Ficure 5.10: Reciprocating saw. 


Much like the jigsaw, the reciprocating saw needs to be firmly planted. It needs something to 
pull against, so the shoe should be held firmly against the work. Of course, adequate lubrication 
should be used and the work should be clamped to a worktable or in a bench vise. 


You can use many of the same setups as the jigsaw, but bear in mind that the reciprocating saw 
is best used with the tool held horizontally and the blade cutting straight down. Also, you'll be 
pulling the tool towards you, rather than pushing away, as with the jigsaw. Reciprocating saw 
blades tend to be much wider than jigsaw blades, so your turning radius is significantly 
reduced. 
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The Bandsaw 


A bandsaw is a stationary tool with a tilting table. The blade is like a continuous loop of hack- 
saw blade. I consider the bandsaw to be a shop necessity for cutting medium and small pieces 
such as bearing blocks, brackets, and other aluminum parts. You can easily and precisely 
maneuver small pieces around the blade, giving you great control over your cuts. 


With the bandsaw, you can cut curves as well as make fairly good straight cuts, although all 


cuts will probably need to be cleaned up with a sander. Unfortunately, the bandsaw can only cut 
along the outside of a piece, because the blade is a continuous band. For circular and rectangu- 
lar holes, you will need a jigsaw. As shown in Figure 5.11, the capacity is limited by the dis- 
tance from the blade to the arm. 






top blade guide 
blade 
throat 


arm 


Ficure 5.11: Parts of the bandsaw. 


A standard bandsaw can easily handle aluminum and plastic, but not steel. The blade speed is 
too high for cutting steel. Bandsaw blade speed is measured in surface feet per minute (or 
sfpm). For steel cutting, the speed should be 75 to 175 sfpm for carbon steel blades, and 150 to 
300 sfpm for bi-metal blades. In contrast, aluminum should be cut between 600 to 3,000 sfpm. 
Unfortunately, most hobby bandsaws turn too fast for steel cutting, since they run with a no- 
load blade speed of 1,500 to 3,000 sfpm. Although this may rule them out for steel, that’s an 
ideal speed range for aluminum. 


Note _| Bandsaws that are designed to cut steel are discussed at the end of this section. 
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What to Buy 


You can get by with an inexpensive bandsaw as long as you have the right blade. I recommend 
the Ryobi BS901 bench-top bandsaw, which is available for under $100 from The Home 
Depot and other major retailers. Note that there are other usable bandsaws in this price range 
from manufacturers like Delta and Craftsman. 


For the Ryobi bandsaw, a 10- to 14-tooth blade is the best available choice. Because you will be 
cutting a variety of thicknesses, this should be a sufficient tooth pitch. And it’s pretty cheap, 
with a cost of about $17 from McMaster-Carr (part #4179A817). If you already have a band- 
saw, you should find out the correct blade length and buy a blade with similar specifications to 
the blade mentioned above. 


Unfortunately, | have become aware that some Ryobi BS901 bandsaws shipped with screws that 
will not allow the table to sit flat. If you have one of these bandsaws, you can simply grind away 
‘some of the plastic case with a Dremel rotary tool to allow the table to sit flat. See the Web site 
at www.kickinbot.com for detailed instructions and pictures if you're unsure how to proceed. 


More expensive bandsaws will have greater arm distances for handling larger pieces, and 
higher-horsepower motors, which will allow you to cut faster without overloading the motor. 
Unfortunately, the price difference between the bench-top saws and the standalone saws can be. 
significant. - 


Safety Precautions and Usage 


In addition to the safety precautions listed in the “Power-TIool Safety” section, bandsaws require 
some special safety measures. First, make sure to choose the correct blade for your material. As 
with all metal-cutting operations, lubrication in the form of a stick wax or WD-40 is required. 


With a bandsaw, the work should always be held down firmly with at least one flat edge on the 
table. Do not try to hold a piece at an angle. It will rip the work right out of your hands and 
possibly pull your hands into the blade. 


Also, before you start the saw, lower the top blade guide to just above the work, leaving as little - 
of the blade exposed as possible. ) 


Apply even pressure on both sides of the cut as shown in Figure 5.12. Keep your fingers out of 
the path of the blade at all times. When pushing, consider your hand position and the direction 
that you're pushing in, and make sure that if your hand slips, it won't go into the blade. If the 
blade starts to bog down significantly during cutting, you ll be able to hear it. Don’t push so 
hard —let the saw cut at its own pace. 


Ifa piece gets jammed in the throat, turn off the power. Wait for the blade to slow to a com- 
plete stop before attempting to remove any material. 


Finally, if you see that you're wandering off your mark during a cut, you should surn the part, 
rather than trying.to push it sideways. Pushing the work sideways will only generate heat and 
cause greater wear on the blade and the blade guides. 
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Ficure 5.12: Bandsaw guide height and pressure application. 


You will have to adjust your bandsaw to make sure that it tracks straight. There are several rea- 
“> p—2j-] sons why a bandsaw will want to wander away from a straight line. You should check your 
‘| owner's manual to determine how to correct this behavior. 





Setup Tips for Different Situations 


Listed below are some of the most common setups for working with the bandsaw. 


Angled and Straight Cuts with the Miter Gauge 

Most bandsaws come equipped with a miter gauge. The miter gauge can be set to any angle and 
has a bar that registers in a slot in the table that’s parallel to the blade. This will allow you to 
make clean angled cuts. When the miter gauge is set true, you can also use it to help you guide 
straight cuts. Stock can be clamped directly to the gauge or held against it by hand (see Figure 
5.13). As you push the stock through, make sure that your fingers are out of the path of the 
blade. 


"ad [Note | Round stock should be clamped to the miter gauge because it may catch and try to rotate out of 
S ,— | your hands. Make sure that the part is resting flat on the table. 
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Ficure 5.13: Using the miter gauge. 


Small Pieces 

Although the bandsaw excels at cutting small pieces, work that is small enough to become 
trapped in the throat requires a special setup. You can make a zero-clearance table with a thin 
piece of MDF or plywood. Zero-clearance refers to the fact that the gap around the blade will 
be very small. Make sure that the piece of wood is about the same size as the bandsaw table. 
Center the wood on the blade and cut to the center of the wood as shown in Figure 5.14. Turn 
off the saw and clamp the piece of wood to the table. With this setup, your chances of getting 
the work caught in the saw will be minimized. If the part is too small to hold, then you should 
be using some other tool. | 


Long Pieces , 
Long pieces will require extra support. Have an assistant help you. It should be made clear to 
the assistant that you will be controlling the cut entirely. Their only job is to help support the 


work, not guide it. Make sure that you guide the stock as described above, with even pressure 
on both sides of the blade. 


Horizontal Bandsaws for Steel 


The horizontal bandsaw is mounted to a base with an attached miter box, as shown in Figure 
5.15. As it cuts, the saw pivots on a hinge and its own weight provides the downward pressure 
for the cut. Since steel takes a lot longer to cut than aluminum, the advantage with this saw is 
that you don’t have to sit there holding the part to the blade. You just clamp it in the built-in 
vise and let the saw chug away until it’s done. 
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Ficure 5.15: Horizontal bandsaw. 
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These bandsaws run at a slower blade speed of around 200 sfpm, which is more beneficial for 
steel. They are the cleanest, most precise way to cut a steel shaft (other than using an expensive 
_ lathe), often requiring only deburring to complete the process. Unlike abrasive chop saws, there 
are no sparks and smoke. 


Since the arm of the bandsaw is inline with the blade, there is no stock length restriction like 
on a standard bandsaw. The maximum thickness of the stock will be determined by the size of 
the vise and the amount of blade that the saw can expose. 


In the $150 range, there is a line of low-cost portable bandsaws with stands available through 
Grizzly and Micro-Mark. (Not the Milwaukee PortaBand, which goes for around $300 not 
including the base.) They are lightweight and good for cutting steel shaft and bar stock, but 
not parts. In the $200 range, you can buy much heavier, nonportable bandsaws by Grizzly, 
Enco, and Rong Fu that can be used in either horizontal or vertical positions. The horizontal 
position is like the others, but in the vertical position (along with a removable table), you can 
cut steel plate just like aluminum on a regular bandsaw, but at a much slower rate, of course. 


The Circular Saw 


The circular saw is a portable tool that has a large circular cutting blade. The best use of this 


saw is for cutting sheet stock (like armor plates) of any length really straight. It can cut all types ’ 


of metal with the proper blade. Unfortunately, the circular saw is only really good for straight 
cuts. Sorry, no curves. 


You can do the same job with a jigsaw and a straight guide. The difference is that a circular saw 
gives a superior finish edge that requires very little or no cleanup, just deburring. 


What to Buy 


Most popular circular saws will handle 7'/:-inch blades. Prices range from $50 to $75 at most 
hardware retailers. I’ve used the Ryobi model CSB131 circular saw, which costs $67 at The 
Home Depot. More horsepower will give you the ability to easily cut a wider variety of materi- 
als much faster. 


Circular saw blades tend to be pretty expensive. A good saw blade for nonferrous metals such 
as aluminum can be anywhere from $50 to $200. Make sure to get a carbide-tipped blade for 
metal work, such as the 7'/-inch 40-tooth blade from McMaster-Carr (part #6910A51) used 
in the projects. An abrasive disc is used for steel cutting. This is not a metal disc, but a fiber one 
that has abrasive grit impregnated into the surface. Be warned that the abrasive disc will throw 
a shower of sparks and is not the most accurate way to cut steel. It will also generate a decent 
amount of smoke, so make sure that you have adequate ventilation. 


Safety Precautions and Usage > 

In addition to the safety precautions listed in the “Power-Tool Safety” section, circular saws 
need special consideration. First, make sure to choose the correct blade for your material. As 
with all metal-cutting operations, lubrication in the form of a stick wax or WD-40 is required. 


This is one of the loudest tools in the shop. Ear protection is a must. Besides, it’s much easier 
to concentrate without all the noise. 








Start on the edge of the sheet and line up the cut to the waste side of your mark, as shown in 
Figure 5.16. A circular saw’s kerf is usually about 1/8 inch, which is larger than the other types 
of saws in this chapter. If you put the saw on the middle of your mark, it will cut off more than 
you want. When starting on the edge of a plate, the front edge of the footplate should rest on 
the work. You will have to keep the back end of the saw up so that the footplate is level. 
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Figure 5.16: Circular saw lineup and straight guide. 


The setup tips for different situations for the circular saw are the same as with the jigsaw. 
Remember to pay special attention to supporting the stock so that you don't pinch the blade. 
Refer to that section for diagrams and detailed descriptions. 


It’s essential that you let the blade fully spin up before bringing it into contact with the work. 
Once the blade has spun up all the way, slowly and gently bring it into contact with the work. 
Do not jam the blade into the work, or it may catch and throw the saw. 


Never back up with the saw. Always cut in the forward direction. Backing up may cause the 
blade to catch and cause the saw to jump, which may result in an injury. If you need to reposi- 
tion or recut some part of the work, release the trigger and let the saw come to a complete stop 
before removing it and starting the cut over. 


Although the saw is pretty precise freehand, you can increase precision by clamping a bar to the 
work for the saw to follow. If you see yourself veering off the line, do not try to correct by turn- 
ing the saw. Instead, remove your finger from the trigger and let the saw spin down completely. 
Pull the saw out of the work and start again at the beginning with a slightly different angle. 
The path of this tool cannot and should not be corrected during the cut, or you may bind the 
blade and throw the saw. 


Apply moderate pressure, but don’t force it. The saw should be doing the work. Keep the saw 
moving as smoothly as possible all the through the cut. Continue to the end of the sheet, and 
let go of the trigger, allowing the blade to stop before retracting. Make sure to wipe off the 
footplate between cuts so that bits of metal don’t get underneath, causing the tool to ride up 
slightly on one side and giving you an unwanted angle on the edge. 
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While it’s common in woodworking to make plunge cuts with a circular saw, it’s not recom- 
mended with metal, because it’s a much harder material and the likelihood of kickback is sig- 
nificantly higher. 


Finally, as with the jigsaw, you have to be aware at all times of where the blade will be exiting 
the work. Never, ever reach underneath to see if the blade has made it through the stock. 


The Miter (Chop) Saw 


The miter saw has the same type of blade as the circular saw, but instead of being portable, it’s 
mounted to a stationary base on a spring-loaded hinge. The saw can be swiveled to various 
angles so that you can make straight or angled cuts up to 45 degrees easily and with great 
precision. 


While other tools like the hacksaw and jigsaw can be used for these cuts, nothing beats the 
miter saw at making straight cuts in aluminum bar stock and extruded shapes. As shown in 
Figure 5.17, there’s no limitation on the stock length — only the thickness and depth of the 
stock. Unfortunately, this tool is only good for straight cuts —it can’t do curves. 
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Ficure 5.17: Parts of the miter saw. 


What to Buy 


Purchasing a miter saw with a 10-inch blade or larger will give you the widest variety of blade 
types to choose from. The basic miter saw has the ability to change the angle of the cut up to 
45 degrees. Compound miter saws add the ability to tilt. Compound slide miter saws have the 
ability to tilt, as well as adding a slider that allows the saw to move forward and back, which 
increases the capacity (thickest piece you can cut). I use the Ryobi T'S1302 miter saw, which is - 
a basic 10-inch saw available from The Home Depot and other retailers for around $100. The 
blade I have is a 10-inch diameter 60-tooth nonferrous metal carbide-tipped blade from 








McMaster-Carr (#6910A55). Like circular saw blades, the blades for miter saws are pretty 
expensive. This one costs a little over $50, but when used properly, cuts extremely smoothly. 


Although an abrasive blade for cutting steel could fit in the miter saw, many manufacturers 
warn against using them in their saws, because the abrasive grit and steel particles that are pro- 
duced may get into the saw hinge and motor, and shorten the saw’s lifespan. If you do decide to 
use an abrasive blade in the miter saw, make sure to vacuum out the saw and empty the dust 
bag, so that there is no sawdust that might ignite from the sparks. 


Abrasive blade cutoff saws that are designed specifically for cutting steel are described at the end 


«2 of this section. 


3X Safety Precautions and Usage 





In addition to the safety precautions listed in the “Power-Tool Safety” section, miter saws have 
their own set of rules. First, make sure to choose the correct blade for your material. As with all 
metal-cutting operations, lubrication in the form of a stick wax or WD-40 is required. 


And just like the circular saw, this is a really loud tool. Ear protection is highly recommended, 
and will help your concentration. 


Line up the cut with the saw unplugged and your finger off the trigger. Bring down the blade 

so that it’s to the waste side of your mark. Also make sure that the stock is pushed all the way 

up against the fence and is flat on the table. When the stock is correctly lined up, securely 

clamp it in place with a clamp that’s designed to be used with the saw, or a C-clamp. ) 


Many woodworking books show the wood being held by hand during a cut. This is not a safe 
option for the robot builder. All metal pieces must be clamped and lubrication must be used. 


Z| Make sure that the miter angle knob is firmly ae after adjustment, so that the saw will 





not swivel during a cut. 


The tool should only be running when you are ready to cut. Do not make any adjustments to 
your clamps or setup while the saw is running. Power down and allow the saw to come to a 
complete stop before making any adjustments. 


It’s essential that you let the blade fully spin up before bringing it down into the work. This 
means that the saw should be in the fully up position with the blade cover in place before you 
start it. Once the blade has spun up all the way, slowly bring it down and gently bring it into 
contact with the work. Do not jam the blade into the work or it may catch and throw the piece. 


Finally, apply moderate pressure, but don't force it. The saw should be doing the work. Guide 
the saw in a smooth and steady motion all the way down. When your cut is complete, let go of 
the trigger, but keep the blade where it is in the fully down position. Let it slow all the way 
down to a stop before retracting. 


If the piece is too smail to be clamped, then it should be cut with something else. 
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Setup Tips for Different Situations 


As with the other tools described in this chapter, the miter saw can be used in many different 
ways. Some of the most common setups are introduced below. 


The Clamp Side and the Free Side 

Every piece of metal stock to be cut with the miter saw should be clamped on one side, as 
shown in Figure 5.18. The clamp should securely hold the work down flat on the table and 
flush against the fence. The other side of the blade (called the free side) should be well sup- 
ported, but not clamped. It should be allowed to move so that it won't bind (pinch) the blade 
and cause a kickback. Make sure that the table is level so that the free side won't roll when the 
cut is complete. 
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Figure 5.18: Clamp and free sides of the miter saw. 


Cutting Long Pieces 

Long stock should be supported on both sides of the cut, as shown in Figure 5.19. The free end 
should be supported so that it doesn’t pop up at the end of a cut. The clamp side should also be 
adequately supported so that the work doesn’t bow during the cut. 


Cutting Multiple Pieces to the Same Length 

Some saws come equipped with a stop block. This is a small block that can be secured at the 
correct length so that you don't have to measure every time. Just bring the stock up to the stop 
and clamp it in place. 


The stop block should be on the same side as the clamp, as shown in Figure 5.20. Do not hold 


/-~ 1 the free side. It may bind and kick the stock back at you. 
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Ficure 5.19: Supporting long stock. 





Ficure 5.20: Stop block installed. 


Abrasive Cutoff Saws for Steel 


The abrasive cutoff saw shown in Figure 5.21 is very similar to the miter saw, and the same 
safety precautions should be observed. The difference is that the cutting blade is abrasive mate- 
rial, so it will throw a shower of sparks as it makes its way through the material. 


These saws are generally larger and simpler than miter saws. There are no fancy compound or 
sliding versions. 


You should make sure that all flammable liquids are put away and that you have adequate ven- 
tilation before beginning your operation. i 





Figure 5.21: Abrasive cutoff saw. 


Wrapping Up 


This chapter introduced one of the most basic skills a robot builder can have. As you'll see in 
the projects, you don’t need expensive machine tools to get good results, just good blades and 
good technique. When you apply the techniques in this chapter, remember that a tool that can 


cut metal has no problem with mere flesh and bone. Develop the proper respect for your tools, 
and they’ll serve you well. ' 


Shaping and 
inishing Metal 


utting the metal is only the first step of the process. In this chapter, 

we'll move on to finishing. When I talk about finishing, I mean 

sanding and deburring edges of parts. You may ask, “Why finish 
them, since no one’s really going to see them?” Usually, you have to perform 
several operations on a piece of metal before it becomes a finished part, and 
rough cuts are rarely smooth and straight enough for the operations that 
follow. Sanding the part using abrasives can remove the high spots of a 
jagged edge, and give you a straight side to work with. Another reason is 
personal safety — the sharp edges left behind when cutting metal can easily 
cause minor cuts and scratches. You'll be reaching inside the robot, servicing 
things that break, and tightening loose parts. Having all metal edges fin- 
ished inside the robot ensures that you won't get any cuts or scrapes from 
the parts you've made. Deburring is the process of removing the sharp parts 
of these edges. 


This chapter will describe the various techniques for sanding and deburring 
using both hand and power tools. Proper file usage and care are discussed, 
as well as bench-top abrasive tools, like the disc sander and spindle sander. 

' Portable abrasive tools like the belt sander and Dremel tool are introduced, 
and deburring techniques are addressed. Armed with the techniques in this 
chapter and the previous one, you'll be ready to tackle project 2, where you 
will be cutting metal. 





Hand Files 


The hand file is'a basic tool for smoothing and shaping metal. When used 

properly, a file can safely and quickly remove moderate amounts of material. 

It can also be used to accurately smooth rough spots and make slightly 

crooked pieces straight. This section will tell you exactly how to apply the 
file to the work and give you tips on getting the best performance. 


Types of Files 


A file is a piece of tool steel with rows and rows of teeth that are really tiny 
parallel cutting edges, as shown in Figure 6.1. The small pointy tip at the 
end is called the éang, and is meant to be put into a handle. This continues 
up to the 4ee/, which is at the base of the cutting area. At the opposite end 
of the file is the point, and the middle is called the Jelly. The length is 


measured from the heel to the point. 





heel 
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Ficure 6.1: Parts of the hand file. 





Files come in four main grades of coarseness, which correspond to the teeth per inch (tpi) on a 
toothed blade (such as for a hacksaw or bandsaw). These grades are coarse, bastard cut, second 
cut, and smooth. As the coarseness decreases, the finish becomes smoother. However, smoother 
files also take off less material. Generally, you start with the course file to take off a lot of mate- 
rial and move to the smoother ones in succession, as the surface becomes more even. 


* Along with the coarseness, there are also four descriptions for the way the teeth are cut into the 
file. These are single-cut, double-cut, rasp, and curved. Single-cut means that the file has paral- 
lel rows of teeth in a single direction. Double-cut, as shown in Figure 6.2, means that the teeth 
are cut in two directions in a crisscross pattern. Rasp and curved files are generally too coarse to. 
be used with metal, and should be reserved for rapid wood removal. 
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single-cut double-cut 
Ficure 6.2: Single-cut vs. double-cut tooth patterns. 


Finally, there are a variety of cross sections for files. The most common are flat (flat with 
straight edges), mill (flat with smooth edges), half-round, round, square, and triangular. Each 
profile has a different purpose. For example, the round file is intended for enlarging holes, 
while the flat files are intended for smoothing larger areas. 
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In my toolbox, | have two files that | use the most: a half-round 8-inch double-cut bastard file for 
rapid stock removal, and a flat 8-inch single-cut smooth file for accurate shaping where | need 
corners to be sharp or a surface to be perfectly flat. These two files handle most of the hand- 
filing chores. For all other shaping operations, | use the power tools described later in this chapter. 





Seating the Handle 


It is recommended that all files be used with a handle. Since these items are usually sold sepa- 
rately, you should buy a handle that’s designed to fit your file. There are different sizes, so be 
sure to consult the manufacturer’s information to make sure that the handle is compatible. 
Installing the handle on the file (seating) is performed by inserting the file’s tang into the han- 
dle and striking the base of the handle on the table, as shown in Figure 6.3. The swinging 
motion should be from a moderate height, so that you have enough momentum to push the file 
into place. Never directly tap or push the point (tip) of the file on the table. 


Never use a file as a pry bar. Because files are meant to shave metal, they have to be hardened. 
| Unfortunately, this means that they're also very brittle. Putting prying pressure on them can 
4 cause them to shatter. 
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Ficure 6.3: Seating the handle. 
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Proper File Technique 


The work should be held immobile by clamping it down to a workbench or in a bench vise. If 
the work is allowed to move even a little, you may end up with an uneven surface and rounded 
corners. Line up the file flat to the surface. Filing is usually a two-handed operation. One hand 
should hold the handle and push forward, while the other hand should be at the top of the file, 
helping to guide it, as shown in Figure 6.4. Make sure to apply Aight pressure on the forward 
stroke. Excessive pressure will not result in greater stock removal. 
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Ficure 6.4: Proper file technique. 


At the end of the stroke, the file should be lifted up off the work and brought back to the start. 


Like a hacksaw, the teeth are intended to cut in one direction only— the forward direction. If 


you apply pressure and draw the file backward, you will cause the teeth to dull prematurely, and 


may also pack little bits of metal into the file, which will reduce its effectiveness. 


The straight filing technique described above is used for most operations. Draw filing is 
another technique where the file is drawn perpendicular to the work, which can produce a high 
finish on the part. This technique isn’t used very often, since the finished look of the part isn't 
as important as function. If you must have a nice shiny finish, then use the deburring wheel, 
described later in this chapter. 


If the file is merely skipping across the surface of a mystery piece of steel, chances are that it's 


Dee hardened steel. This means that the piece won't be easily workable until it’s annealed. 


— Cleaning a File 


Over time, especially with soft metals like aluminum (compared to steel, that is), your files will 
become /oaded (clogged) with little bits of metal, which reduces their cutting ability. What you 
need to clean them is a file cleaner, also called a file card. Basically, it’s a wooden paddle with 
many, many rows of tiny steel bristles. The idea is that you “scrub” the bits of metal out of the 
file’s teeth. Make sure that you brush parallel to the direction of the teeth, so that the bristles 
can get in there and dig the metal out. For double-cut files, you should scrub in each tooth 
direction. Cleaning your files should be done periodically. 
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Bench-Top Abrasive Tools 


For most power-sanding applications, it’s easiest to bring the work to the tool. You've got more 
control over handling small parts, and can get more precise results. This section discusses some 
bench-top solutions and their applications. 


Stationary Sander 


Hand files are great for removing small amounts of material and fixing minor imperfections. If 
you need to remove a lot of stock or really shape a piece of metal, then the bench-top sander is 
the tool to use. You can also quickly and precisely clean up the rough edges of saw cuts. You 
can push the part up against the wheel surface to true the edge, and sand outside curves. 
(Inside curves require a spindle sander, described later.) 


What to Buy 

You have two main choices when it comes to bench-top sanders: disc only, and combination 
disc and belt (see Figure 6.5). Both types have a sanding disc with an adjustable table, but the 
combination sander adds a stationary abrasive belt, like a belt sander. 





disc sander combination belt 
and disc sander 


Ficure 6.5: Stationary sander choices. 


While the disc and belt may seem like a great value, combining two tools in one, I recommend 
sticking to the disc-only version. The disc-only models have larger discs than the combo mod- 
els, and the usefulness of the stationary belt is arguable. In practice, it’s very difficult to hold a 
plate or other part on the belt with any kind of precision. 


"Note _| The easiest position for sanding is with the abrasive surface traveling straight down. This pushes 
the work right into the table, where it should be. If the abrasive surface runs sideways, as with a 
. belt sander, it's hard to maintain a true edge, since the work wants to follow the abrasive in the 
2] direction of travel, and the table that you're usually provided with on combo units is inadequate. 








You should buy the largest disc you can afford, since this will determine the ultimate size of the 
parts that you can effectively shape and sand. Delta makes a 12-inch diameter disc sander 
(Model #31-120) with integral dust collection. It sells for around $175, and is the largest 


economy-priced disc sander you can buy. 


As with all abrasives (like sandpaper), you have a choice of grit, which is a measure of the 
roughness of the surface. Lower grit numbers correspond to rougher surfaces, which take off 
more material at a time. Since the disc sander will be used for shaping metal quickly, you 
should have 60- or 80-grit discs. 


Sander Safety and Technique 


In addition to following the power-tool safety guidelines in Chapter 5, “Cutting Metal,” you 
should observe some specific precautions. First, sanding belts have a direction printed on the 
back (inside). Make sure that the belt is properly installed so that the arrow follows the actual 
direction of travel. 


Also, let the disc or belt spin up to full speed before bringing the part into contact with the 
abrasive surface. You want to keep the work moving on the abrasive. Try not to stay in one 
spot, or you will end up loading that spot with metal. 


Like a bandsaw, the sander is equipped with a tilting table to help you put a deve/ (angled face) | 
on something. Make sure that you reset the table to level using a square after finishing a bevel 
operation. Lining it up by eye or with the built-in detents isn’t enough; you've got to use a 
square. Keep the table as close as possible to the abrasive surface, so that you minimize the gap, 
where small parts might become lodged. 


All work should be held flat on the table. The largest surface of the part should be resting on 
the table. For example, if you're sanding the edge of a long bar, the length of the bar should rest 
horizontally on the table, where you have more support. The bar should not be held vertically, 
where you only have the small cross-section edge to support it. Most tables come with a slot for 
a miter gauge. Just as with a bandsaw, the miter gauge can be used to help you feed material in 
straight or at an adjustable angle. 


Sanding is done only on the side of the table where the wheel is traveling down, as shown in 


- 7'~ “| Figure 6.6. This is because the abrasive disc will tend to push the work down on the sturdy table 





‘4 surface. On the side where the wheel is traveling up, the abrasive is likely to catch the work and 


Z| launch it upwards at you, which is very dangerous. 


Removing a large amount of material can build up a lot of heat. You should have a pair of 
mechanic’s gloves handy to protect your hands. They have a closer fit than bulky work gloves, 
which can get caught in the slot between the disc and the table, sucking your hand in. Hot 
metal parts can be cooled in water. 


If you've also been using the sander for wood, make sure to vacuum out the inside before sand- 


| 7’ ~— +4 ing steel. Steel can generate sparks that may ignite leftover sawdust inside the sander. 












downward side 
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upward side 
(dangerous) 





Ficure 6.6: Proper sanding technique. 


After you're done sanding, you've got to take care of the sharp edges. You should use a hand- 
held deburring tool or deburring wheel on a bench grinder to take care of the edges. (Deburring 


| techniques are described in detail later in this chapter.) 








| Cleaning the Abrasive 


Over time, the abrasive disc or belt will begin to accumulate metal bits, which impair the per- _ 
formance. You can clean these off and extend the life of your abrasive by using an abrasive belt 
cleaner. This looks like a handle with a wax bar on the end. Holding the handle firmly, put the 
tool flat on the table with the wax bar facing the abrasive surface. Start the tool and allow it to 
spin up. Gently bring the wax into contact with the abrasive surface, and drag it across from 
the outer edge of the disc to the center, as shown in Figure 6.7. Make sure that the disc is 
spinning down on the side that you start with, as described previously. Do not cross over to 
the other side, or the abrasive is likely to catch the handle and send it flying. 


Buy spares of the belt or adhesive-backed disc for your sander. You will have to change them 
eventually, and it's better to have a spare ready and waiting rather than having to put your work 
aside and run out to buy another abrasive surface. Also, it’s sometimes difficult to find the cor- 
rect size at the local hardware store. 


Spindle Sander 


Disc and belt sanders can only get to outside curves. To get at inside curves, you need a spindle 
sander. A spindle sander is a bench-top tool that has a cylindrical rubber piece (the sanding 
drum) with a sleeve of abrasive material. The drum spins as well as oscillates up and down. 
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Ficure 6.7: Cleaning the abrasive disc. 


A stationary belt sander can actually get inside curves, but only those with very large 
radiuses. 





What to Buy 


Stand-alone bench-top spindle sanders (also called osci/lating sanders) can be quite expensive. If 
you've already got a drill press, you can buy a sanding drum that you secure in the drill chuck 
that does the same job as the spindle sander (without the up and down motion). Individual 
cylindrical drums in various sizes are made by 3M, and sold as “rubber cushion polishing 
wheels” for a few dollars each. They can also be found in McMaster-Carr as “expanding rubber 
sanding drums.” The abrasive sleeves (also called spiral bands) are purchased separately. You 
should have a set of 50-grit sleeves to rapidly smooth sawed edges. Also, several companies 
make drum sanding kits that include most popular sizes of drums. When using this system, 
you should make an elevated base out of wood with a hole cut in it to drop the spindle down 


through the hole, as shown in Figure 6.8. 


Spindle Sander Safety 


In addition to following the power-tool safety guidelines i in hott 5, you should observe 
some specific precautions. First, keep a firm grip on your part. Removing a large amount of 
material can build up a lot of heat. You should have a pair of gloves handy to protect your 
hands. Hot metal parts can be cooled in water. 


Also, the work should always be fed into the sanding drum flat on the table, and against the 
rotation of the drum, as shown in Figure 6.9. If you feed the part with the rotation, the abrasive 
material is likely to grab the part and spin it out of your hands. 
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Ficure 6.8: Drill press with spindle sander attachment. 
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Ficure 6.9: Safe spindle sander technique. 





Portable Abrasive Tools 


In some situations, you can't bring the work to the tool. It may be mounted in the robot, or just 
too big for the stationary tool. This section describes some portable sanding tools that you can 
easily bring to the part. | 


Dremel (Rotary) Tool 


The rotary tool shown in Figure 6.10 is one of the most versatile tools in the shop, and a must- 
have for pit repairs at a competition. Basically, it’s a hand-held motor that spins at very high 
speed. It’s an incredibly flexible tool because it has a collet that takes replaceable bits, and there 
are all kinds of bits for different tasks, as described later in this section. 


wrench 





collet —_ spindle lock speed control 


Ficure 6.10: Parts of a rotary tool. 


What to Buy 


Dremel is a major manufacturer and pioneer in rotary tools, and like Xerox or Kleenex, the 
name is synonymous with the product. There are several models in the line. Make sure to 
choose one that has variable speed (usually 5 or 6 steps), which should be available in a kit for 
$50 to 80. I recommend sticking to the variable speed corded units, not the cordless, battery- 
powered units. 


Rotary Tool Safety 


In addition to following the power-tool safety guidelines in Chapter 5, you should observe 
these specific precautions. First, eye protection is a must! For some operations, a full-face shield 
is also recommended. 


Also make sure that the bit is secure. Depress the spindle lock button and use a wrench to 
tighten the collet. Be sure not to start the tool while it is in contact with the work. Make sure 
that it spins up completely before you begin your operation. 


Finally, use both hands to guide the tool, and make sure to drag the tool opposite the rotation 
of the shaft. 
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The Drum Sander 


The drum sander is a miniature version of the spindle sander described earlier. The 1/2-inch 
diameter sanding drum (shown in Figure 6.11) is Dremel part #407. The replaceable 60-grit 
abrasive drum is Dremel part #408. The drum sander can be used for cleaning up edges, open- 
ing up holes, and deburring. 


The Cutoff Disc 


The cutoff disc shown in Figure 6.11 consists of the disc (Dremel part #540 or #426) and the 
screw mandrel (Dremel part #402), where the disc mounts. Both discs fit the same mandrel. 
This tool can cut steel shaft just like a miniature version of the abrasive cutoff saw, and it’s 


helpful for pit repairs. 


When using the cutoff disc, make sure to keep the wheel perpendicular to the surface you're _ 
cutting. The disc is brittle, so use a light touch and do not attempt to rotate the wheel to cor- 
rect the cutting path, or it will shatter. As with a circular saw, you must remove the tool and 
restart the cut. 


When performing cutoff operations, a full-face shield is recommended. If the thin disc shatters, 
_{ as it sometimes does, it can send abrasive fragments flying in all directions. 





Z| The Tungsten Carbide Cutter 


This straight tungsten carbide bit (Dremel #9901) shown in Figure 6.11 is useful for opening 
up holes in aluminum and removing material. Chapter 8, “Fasteners — Holding It All 
Together,” contains a step-by-step usage guide for opening up drilled holes. 


The Aluminum Oxide Grinding Stone 


The curved edge on the aluminum oxide grinding stone in Figure 6.11 (Dremel part #952) is 
helpful when deburring the insides of blind holes and around curves. This tool will eventually 
load up with aluminum, and should be cleaned with an abrasive belt cleaner. 
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Ficure 6.11: Various rotary tool bits. 





Angle Grinder 


The angle grinder is the smaller, portable version of the disc sander (see Figure 6.12) . It’s like 
a high-power compact right-angle drill motor. You hold the body and side handle to guide the 
grinder around the work. 





Ficure 6.12: Angle grinder. 


There are many angle grinders on the market from 4-inch and 4'/-inch sizes up to 9 inches. 
The size refers to the wheel diameter. For building robots, you shouldn't need much more than 
a 4'/-inch grinder. 


What to Buy 


With an angle grinder, you have the choice of delivery method for the abrasive. You can either use 
depressed center wheels, or a rubber backing pad with pressure-sensitive adhesive (PSA) abrasive 
pads, as shown in Figure 6.13. Depressed center wheels usually come as one solid disc of abrasive 
material with a raised center. The rubber backing pad and PSA pads are usually sold separately. 
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Ficure 6.13: Grinding wheel and rubber backing pad usage. 


ios Aluminum is a metal, but most abrasive blades and grinding wheels that say “metal” are really 
~; =| intended for steel. Generally, aluminum oxide is recommended for steel, and silicon carbide is 
| recommended for aluminum and other nonferrous metals. DeWalt and Norton have lines that 
F\, | are specifically designed for aluminum, which tends to load other types of discs more rapidly. 





Angle Grinder Safety 
In addition to following the power-tool safety guidelines in Chapter 5, you should also observe 


some specific precautions. 


The proper angle for the grinding wheel relative to the work is 15 to 30 degrees, as shown in 
Figure 6.13. To smooth a surface, draw the grinder towards you. Until the edge of the disc has 
been rounded (“broken in”), pushing it away from you may cause the edge to dig into the work. 
When using the rubber backing pad and abrasive discs, maintain the same 15 to 30-degree 
angle, but apply downward pressure so that about a third of the disc is in contact with the work 
as illustrated in Figure 6.13. Keep the angle of the grinder low to minimize the risk of digging 
into the work with the pad. 


The grinding discs can bite into the surface of a metal pretty easily, so it’s important to keep 
the tool moving in an even, continuous motion. When about 1 inch has been worn down 
from the diameter of a grinding wheel, it should be removed and replaced, or it may shatter 
during use. 


Finally, when grinding steel, you may create a shower of sparks. Make sure that all flammable 
materials are put away before using the grinder. 


Belt Sander 


The portable belt sander (see Figure 6.14) is essentially a smaller version of the belt part of 
the combination stationary sander. There are many models and manufacturers to choose from. 
Accessory holders and tables are available to convert a portable belt sander for bench-top use, 
but when added up, this cost is comparable to a stationary model. Some models are designed 
with flat tops to make it easier to mount them upside-down to a bench. 


As per the discussion earlier, the belt sander has limited use for the robot builder, except 
for cleaning up the edges of pieces that are too long to fit on a stationary disc sander. 





Ficure 6.14: Belt sander. 
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Belt Sander Safety and Usage 


In addition to following the power-tool safety guidelines in Chapter 5, you should also observe 
specific precautions. First, when sanding long plates, it’s much safer to have the metal piece 
firmly clamped to a worktable, where it won't fly out of your hands, and bring the tool to the 
work. You'll have to concentrate to hold the tool true when sanding along the length. 


Also remember to start up the tool away from the work and let it spin up to full speed. Then, 
bring it into contact with the work. 


Try to keep light, even pressure on the work. When the belt sander is used on top of the work, 
the weight of the tool should be enough force. The belt sander is fairly aggressive and can take 
off a lot of material very quickly, so you should be careful to keep the tool moving and not 
dwell in any one spot, or you'll wear a low point there. 


Finally, the abrasive belt cleaner mentioned earlier in the chapter should be used to clean the 
belts. 


Deburring Tools 


All metal-cutting and shaping operations should be followed by deburring. When you cut 
something out of metal, chances are it will have a sharp edge where the cut was made. Even if 
you use a bench-top sander to smooth the side, there will still be a sharp edge. These edges can 
leave you with little cuts all over your hands. It’s best to smooth these edges down to make it 
easier to handle your parts, and prevent injury (however minor). That’s where the deburring 
tool comes in. You have the choice of the hand-held version, or the power-tool version, which 
is used with a bench grinder. 


Hand-Held Deburring Tool 


The hand-held deburring tool consists of a plastic or metal handle with a swiveling blade at the 
end. As shown in Figure 6.15, the blade is curved and has a little ball hook on the end. The 
hook catches the sharp edge on the corners of your work and shaves it off as you draw the tool 
down the length of the side. These tools are relatively inexpensive and are available for $5 to 
$10. The blades wear out, so you should have a few extras handy. 





swiveling 
hook blade 


Ficure 6.15: Hand-held deburring tool. 
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You should maintain an angle of about 45 degrees on the handle, pulling the tool towards you 
(see Figure 6.16). It’s important to turn the work so that the edge that you're deburring is at a 
good angle for you to control the tool and guide it with even pressure all the way to the end. 
For round pieces, continuously rotate the piece so that your angle relative to the work is the 
same at all times. Trying to use the tool at an awkward angle is the main cause of tool slippage. 


Keep in mind as you're using the tool which direction it will go if it slips. This is a pretty com- 
mon mishap and requires constant attention to prevent. The greatest danger here is to the skin 
on your fingers. Keep your other hand out of the path of the tool. If the tool slips, the blade 
may take off a little skin, which is only annoying, but not fatal. Also, you could put a big gouge 
down the side of your part. 


You can use a flat file to deburr the edges of most parts, but in order to deburr holes, you'll need 
the deburring tool. 
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Ficure 6.16: Proper deburring tool technique. 


Deburring Wheel 


This wheel does the same work as the hand-held deburring tool, but in a fraction of the time, 
and with much less effort. Not only can it deburr, but it can also put a nice, shiny finish on 
your parts. 


Basically, it’s a wheel composed of dense abrasive fibers (like Scotch Brite pads) that are tightly 
wrapped and formed into a semisolid. As you use the wheel, the little bits of fiber come off 
along with the metal, revealing fresh abrasive material. As a result, the wheel will get smaller 
over time. 


To use the wheel, you will need a bench grinder, which is basically a high-RPM motor with an 
output shaft on either side. Normally, bench grinders are supplied with two wheels intended for 
steel only. You should replace one of these abrasive grinding wheels with the deburring wheel. 
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What to Buy 


You're going to need a 6-inch bench grinder as shown in Figure 6.17. The brand and model 
don’t matter all that much. There are a lot of deburring wheels on the market. It’s a delicate 
balance between material removal and time. You don’t want to take off too much (you've 
already done your shaping with the other abrasive tools), but you don’t want to stand there for- 
ever grinding away too little with each pass. The best compromise that I’ve found is the 6-inch 
diameter x 1-inch wide grade 9S (fine) 3M Scotch Brite EXL silicon carbide wheel (Grainger 
#4ZR26). Unfortunately, it’s fairly expensive at $50, but when you see the results on your parts, 
you ll realize that it’s well worth the expense. (Also, since the wheel ID is 1 inch, and the shank 
size of my bench grinder is 1/2 inch, I had to get an adapter flange, which was Grainger 
#4ZR59.) 
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Ficure 6.17: Bench grinder with deburring wheel. 


Having a separate stand (pedestal) for the bench grinder that holds the wheel will increase your 


1 ability to maneuver a part to get all the edges. 





se Deburring Wheel Safety 


In addition to following the power-tool safety guidelines in Chapter 5, you should also observe 
specific precautions. First, since they’re wrapped, the Scotch Brite deburring wheels have a 
direction arrow printed on the side. Make sure to install the wheel so that the arrow points in 
the direction of turning to get the best results. 


Also, to give you greater access to the wheel (and more flexibility in usage), you should remove 
the tool rest. This will allow you to deburr large panels more easily. 


This is one of the few free-hand operations in sanding. You're not stabbing the material into the 


/-~- 1 wheel, but gently but firmly dragging the material across the abrasive surface. If you jam the 
AUTIONSA part into the wheel, it will most likely grab it out of your hands and toss it on the floor. Very light 
= £4. | pressure is all that's required. 





The work should always be brought into contact with the wheel at a 45-degree angle, on the 
downward side of the wheel just below center, as shown in Figure 6.18. This is to prevent the 
wheel from catching the work and throwing it. 
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Ficure 6.18: Proper work angle for deburring wheel. 


Draw the edge all the way through to the end, and continue movement smoothly past the end. 
Keep the work moving on the wheel, or you'll cut a dip in the work. Make sure to get all the 
edges, including the corners. Gently check for spots that you've missed by feel. Be careful 
because the edge could still be sharp. 


If you just want a nice finish on the edge, and trueness isn't critical, then move the flat side of 
| the part on the deburring wheel until all the sanding marks go away, leaving a shiny, uniform 
surface. 






Remember, the sanding wheel is for rough shaping. The deburring wheel should only be used 
for deburring and final finishing. If you're spending more than a few minutes on the wheel, 

. then you haven't shaped enough with the other abrasive tools, and you should go back to a | : 
rougher abrasive before returning to the wheel. 





- Project 2: Cutting the Armor Pieces 


In the last few chapters, you've learned about selecting tools and materials, marking and cut- 
ting, and shaping and finishing materials. Now it’s time to put that knowledge to use. Cutting 
metal and plastic plates are essential skills for the robot builder, so we're starting there first. 
This project will get you working with the circular saw, jigsaw, and miter saw by cutting the 
armor and frame pieces for the project robot. While all of these cuts could be done with the 
jigsaw, I'll demonstrate some with the other two tools to show situations where their special- 
ized designs allow you to make the cuts more quickly and precisely. 


Eye and ear protection are mandatory for these tools. They are incredibly loud, and pieces of 


_Caution 
ae metal will be flying everywhere. 
















pag ON ea naiatheige gt Ae 
Se eertenls, Qtr, 
2 a eke 
Bs ay oes * Rarer 
Caution 
Sb elataiees oy eS 
ei SNS ¥ 


Review all of the general power-tool safety protocols described in Chapter 5, as well as the sec- 
\- | tions that correspond to the specific tools used below. : 
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Cutting Metal Plates with the Circular Saw 


You'll begin by cutting the 3/16" thick aluminum baseplate. The best tool for performing 
straight cuts in sheet stock is the circular saw. It will provide you with the cleanest and most 
precise cut, requiring very little cleanup. Make sure that your saw is equipped with a nonferrous 
metal-cutting blade. The following steps will guide you through making your first straight cut 
with the circular saw: 


1. The bottom plate should measure 15" x 14". I started out with a 24" x 24" piece of 
stock. Measure and mark a 15" x 14" square on the plate. 


2. In this cut, the guide will be placed on the left side of the saw. In order to set the guide 
correctly, you've got to flip the saw over and measure the distance from the blade to the 
side of the base that will be following the guide. Measuring from the desired cut line (the 
15-inch line), you should draw another line with this offset, and clamp the guide in place. 


3. As mentioned in Chapter 5, you must support both sides of the work, as shown in 
Figure 6.19, or else the blade will bind. 
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Ficure 6.19: Correct support of the workpiece. 


4, Make sure that the height of the circular saw is set so that it will not touch the table or 
floor that the wood pieces are sitting on. 





5. Draw over the 15-inch cut line with the stick wax so that you have a line of lubricant all 
the way down the piece. You can also use WD-40 as a lubricant. I prefer the stick wax 
because it doesn’t fly away as much when you start the saw. Regardless of which type of 
lubricant you use, you must use a lubricant. Do not cut dry with the blade or you will 
destroy it. 


6. Make sure that the base of the saw is held firmly against the guide and that the blade is 
not touching the stock before you start. Also keep the base as level as possible. 


7. Start the blade and let it spin up to full speed. Slowly and smoothly bring the blade into 
contact with the piece. Continue through the length of the cut. Don’t rush the cut. If the 
saw sounds like it’s starting to slow down, then lower your pushing speed, and let the saw 

_cut at its own pace. 


8. When you've made it all the way through the material, release the trigger and let the saw 
come to a complete stop before moving it away. 


9, Take this edge to the deburring wheel and draw the ragged corner across the wheel in a 
smooth and steady motion, applying moderate and constant pressure. Make sure to line 
up the wheel below the center line as shown in Figure 6.20. Make sure to get both the 
top and bottom edges. 


10. You can clean the remaining stick wax residue from the piece with Goo Gone. 


ee 


ae UF ; 
EQUIPMENT = 10Gr 


meebo gy 


Sontars 


& Fs 


Be 





er ee 


Figure 6.20: Deburring the plate edge. 





Cutting Plates with the Jigsaw 


For the second cut in the baseplate, you'll cut on the 14-inch line. This operation can be per- 
formed with the jigsaw equipped with a nonferrous metal-cutting blade. 


1. For this cut, I'll demonstrate hanging the waste piece off the edge of the table, as shown 
in Figure 6.21. 


2. As in the previous example, you must measure the distance from the blade to the edge of 
the footplate and put your guide at that offset from the 14-inch cut line. 


3. Use the stick wax or WD-40 for lubrication as in the previous example. 


4. Begin your cut with the blade not in contact with the workpiece, and the footplate level. 
Let the blade get up to speed, and then slowly bring it into contact with the workpiece. 
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FiGure 6.21: Jigsaw cut setup. 


5. In this setup, to prevent the blade from binding, you must hold up the waste piece by 
hand as you near the completion of the cut, as shown in Figure 6.22. Make sure to keep 
your arm up and out of the way, and fingers clear of the blade at all times. 


6. There will be some cleanup required with the belt sander after the cut, as shown in 
Figure 6.23. | 


7. Draw the edges across the deburring wheel as described in the previous example. 
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Ficure 6.23: Belt sander cleanup. 





Cutting the Top Armor 


The top armor will be made out of 1/4-inch thick polycarbonate. The top has the same dimen- 
sions as the base. The cutting operations for plastic are virtually the same as those for cutting 
metal. However, the most important thing is that you need to change lubricants. In plastic cuts, 
heat builds up rapidly, and you need a liquid coolant such as WD-40 or even water. To get the 
best results, you should keep the water or other coolant flowing into the cut. 


Instead of using the deburring wheel, you should use a flat file to chamfer all edges. The debur- 
ring tool (a hand-held tool) can also be used for this operation. Its usage is discussed in detail 
earlier in this chapter as well as in Project 4. 


Cutting the Sides 


The sides will be made out of 1/2-inch polycarbonate. They should measure 14" x 3.5". Since I 
have a 24" x 24" sheet, I will be cutting 3.5-inch wide strips off of the sheet for the parts, and 
then cutting those down to the correct length of 14 inches. 


One important difference with this setup is which piece the waste will be. In the previous cut- 
ting operations, we removed a smaller waste piece from a larger sheet. When cutting the side 
plates, you will be cutting off the part you want from the sheet, not the waste. That means that | 
you've got to measure your offset from the edge of the base to the far side of the blade, which 


includes the thickness of the kerf. If you use the same offset as before for your guide, your 
pieces will be shorter by the thickness of the kerf. 


At the end of this operation, you should have four strips that are 24" x 3.5". 


Cutting with the Miter Saw 


Cutting the sides to the correct length can be done with the jigsaw or circular saw, although the 
best tool to use in this case is the miter saw. Again, this saw should be fitted with a nonferrous 
metal-cutting blade (which is usually also good for plastics). 


1. Mark off the correct distance, carefully indicating the waste side. 


2. Clamp the piece to the saw, making sure to line up the blade with the kerf on the waste 
side of the cut line. The most important thing is that the work remains flat in the area 
around the blade. Do whatever you have to on the clamp side to make sure that the stock 
is flat on the table near the blade. 


3. To speed up operations, you can set the stop block as shown in Figure 6.24. That way, 
you won't have to measure, mark, and line up all the pieces. After setting it up on the 
first piece, the stop block takes care of aligning all the rest of the pieces to the right 
length. Make sure that the stop block and clamp are on the same side. If they are on 
opposite sides, the blade may bind and throw the piece, which can cause injury. 


4, Making sure that you have adequate lubrication, start the saw with the blade covered and 
not in contact with the workpiece. 
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Ficure 6.24: Stop block and clamp setup. 


5. Allow the blade to spin up to full speed, and slowly bring it into contact with the 
workpiece. 


6. Let the saw dictate how fast it wants to cut. Keep your motion smooth and slow. 


7. Continue all the way through the part and release the trigger, keep the saw held down 
until it comes to a stop, and then retract it. 


You should now have a 3/16-inch-thick aluminum plate cut to 15" x 14", a 1/4-inch-thick 
polycarbonate plate cut to 15" x 14", and four 1/2-inch-thick polycarbonate plates cut to 
14" x 3.5". 


Wrapping Up 


Hopefully, this chapter has provided you with the skills you need to finish your parts. Cutting 
the metal is only the first step. A part isn’t finished until it’s been sanded, shaped, deburred, 
and, well, finished. Proper sanding technique will improve the fit and accuracy of your parts, 
and keep you safe from rough or sharp edges. As you'll see in the projects, finishing (whether 
in the form of sanding or deburring, or both) follows every cutting operation. 


Drilling and 
Tapping Holes 


oles and fasteners are the basic means for connecting robot armor 

and structural pieces together. While this is not a glamorous chap- 

ter, | assure you that there’s more to it than just “drilling a hole.” It’s 
a basic robot-building skill that’s rarely covered in detail because it seems so 
straightforward, but it can often be a source of frustration in assembly. 


This chapter illustrates several techniques that will help you drill and thread 
holes safely and accurately. Numerous examples of drilling setups are illus- 
trated to cover most of the situations that you may encounter when building 
your robot. Techniques for working with screws are discussed, including 
dealing with holes that don’t line up and shortening screws that are too 
long. We also deal with creating threaded holes (tapping), and move onto 
Project 3: Drilling and Tapping Holes. 


Drilling 


In this section, I'll introduce you to the different types of drill bits and their 
applications. I’ll also talk about the basic drill press safety precautions and 
list the basic sequence of events for successfully drilling a hole. 





Types of Drill Bits 


Most people are familiar with regular fractional drill bits, but the robot 
builder may use more than a few of the other types of bits described as 
follows. 


Regular Drill Bits (Twist Drills) 


These come in four different standards: fractional, number, letter, and met- 
ric. Although tapped (threaded) holes call for the use of number drill bits, 
you can get by with a set of fractional bits if you're willing to risk less 
strength from your screw threads. You should be prepared to buy more of 
your most popular sizes, since they do become dull after a while. You will be 
looking to buy high-speed steel (HSS) jobber-length drill bits with a 118- 
degree included tip angle, which should be sufficient for most jobs. 
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There is a complete listing of all fractional, number, and letter drill sizes in Appendix F, “Tables 


je. -| and Charts.” 





Uni-Bits (Stepped Drill Bits) 


These combine many different sizes into a single bit. They have a single cutting edge, which is 
useful in some situations, as described in the discussion of thin stock later in the chapter. The 
only limitation is the depth of hole that you can drill. 


Combination Center Drills 
These are useful because they do not flex like regular drill bits. Their use is described in the 


discussion of round stock later in the chapter. 


Countersinks and Counterbores 


These are used to make different types of hole openings for screws, as shown in Figure 7.1. 
Counterbores usually come in sets matched to common screw sizes. Countersinks may be 
purchased individually. A 3/8-inch diameter countersink should be fine for most jobs in the 
shop, and an 82-degree point angle is recommended so that you can make holes that are 
compatible with flat-head screws. Single flute versions give a smoother finish than the 
four-flute models. 
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countersink counterbore 
Figure 7.1: Countersinks and counterbores. 


Reamers 


These are used to make precision-sized holes, and are discussed in detail later in this 
chapter. 





The Importance of a Straight Hole 


Almost all holes you will drill for the robot will be straight (or ¢rue), with the axis of the hole 
perpendicular to the surface of the part. A crooked hole will miss the intended location on the 
other side, resulting in misalignment, as illustrated in Figure 7.2. Also, drilling is the first step 
in creating a tapped hole. Tapping requires a true, straight hole, or else you'll end up with bro- 
ken taps. (See the “Tapping Techniques” section later in this chapter.) 
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FiGureE 7.2: True versus crooked hole. 


There are few better ways to make a true hole than using a drill press. However, there are some 
situations in which the part won't fit into the drill press or can’t be removed from the robot. In 
this case, a cordless drill is what’s required. Figure 7.3 shows the different parts of the drill 
press and cordless drill. 





Ficure 7.3: Parts of a drill press and cordless drill. 





Basic Drilling Procedure 


Whether you're using a drill press or a cordless drill, the basic sequence for drilling is pretty 
much the same. Following is a step-by-step listing. Some of these steps are covered in more 
detail following this section. (Before attempting to use these steps, you should review the 


“Power-Tool Safety” section in Chapter 5, “Cutting Metal.”) 


1. Mark and punch the holes to be drilled. 
2. Put the drill bit in the chuck and tighten. 


W 


. If you are holding the part with a vise, clamp it in the vise first. With the drill motor off, 
line up the tip of the drill bit to the punch mark. 


. Clamp the part or vise to the drill press table or worktable. 
. Apply lubricant to the part at the hole’s position. 


. Put on eye protection. 
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. Start the drill motor and slowly lower the bit into the part, making sure that the drill bit 
tip jumps into the center of the punch mark. 


8. Apply firm downward pressure, but don’t put all your weight on the drill bit. Let the bit 
do the work. | 


9. Retract the bit periodically from the material to clear the chips (bits of metal or plastic), 
which gives the bit and metal a brief chance to cool down, and lets you see if you need to 
add more lubricant. 


10. As you get closer to the end of the hole, apply less downward pressure. Once the bit 
breaks through the bottom, continue down a bit more to clear the hole, and then retract 


the drill bit. 


11. Turn off the drill motor first, then blow away the chips and remove the part. 


Basic Drill Press Safety 


In addition to the “Power-Tool Safety” section in Chapter 5, you should also observe extra pre- 
cautions. First, as with all metal-cutting operations, adequate lubrication must be used. Heat is 
the enemy of your drill bits. That’s why it’s very important to use lubrication for all drilling 
operations. You should use a lubricant (such as TapMagic, TapMatic Gold, or Edge Liquid) 
that is specially formulated for drilling and tapping operations, although WD-40 or household 
oil may be used in most cases. Water can be used successfully on all plastics. 


Also, the drill press should be firmly clamped or bolted to the worktable. Any adjustments to 
the clamping, vise, setup, table, or drill chuck should be done with the power off. The drill 
press should only be started when you are ready to drill. Power down and allow the spindle to 
come to a complete stop before making any adjustments. 


i 





Allow the drill press to spin up to full speed before bringing the drill bit into contact with the 
work. When you have finished drilling to your desired depth, you may retract the bit while the 
drill press is still running and turn it off when the spindle reaches its full spring-loaded rest 
height. 


Cordless drills and portable corded drills are only power tools that may be started in contact with 
«| the work, because they require the punch mark for accurate alignment. 


| Finally, the chuck key, which is used to tighten and loosen the chuck, should be kept in its 

holder, which is usually somewhere on the drill press’s body. Always keep your hand on it and 
never, ever leave it in the chuck. It should be returned to the storage area immediately after any 
tightening or loosening operation is complete. If you forget it and turn on the drill press, the 
chuck key will become a projectile capable of great harm. Always store it in the holder, and 
never in the chuck. 





Successful Drilling Techniques 


Here, I’ll describe in more detail some parts of the basic technique outlined previously, and 
* . ° * P ° ‘ e P ys 
provide a variety of setup and drilling procedures for different situations and types of stock. 


Marking and Punching 


Marking is the process of indicating where on the part you want the holes to be drilled. It used 
to be common practice for a machinist to paint a thin layer of a marking solution (such as 
Dykem) on a part to make the surface a uniform color. Then, lines would be scribed into the 
part at the intersection of two measurements, forming an X where a hole should be drilled. 
With the advent of computers and CAD (computer-aided design) software, this process has 
gotten a lot easier. Nowadays, you can print out a 1:1 scale drawing of your part, coat the back 
side with a spray adhesive such as 3M Spray 77, stick the drawing to your part, and youre 
done. You can even skip a step by printing the drawing on adhesive-backed label paper 
(although it’s a bit more expensive). You've still got to make sure to punch at the intersections, 
but it saves a large amount of time in the marking department. 


2] Other techniques for marking are described in Chapter 5. 


Citrus-based adhesive solvents such as GooGone work well to remove the sticky residue left over 
*| from the Spray 77 or label paper. 





| To complete the process, you've got to punch the marks for your holes. Punching means putting 
a small divot in the surface of the part to indicate the exact center of the hole. Without a punch 
mark, the drill will tend to wander, as shown in Figure 7.4. The punch mark helps to center the 
drill, because the center of the divot catches the tip of the drill bit, and holds it in the right 
location. 
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Ficure 7.4: Drill bit and punch mark. 


Punching is usually done with a manual center punch (a long cylindrical tool with a sharp 
hardened tip) and a ball-peen hammer. The tip of the punch is lined up to the mark, and the 
head of the punch is struck with the hammer. A better and faster way to accomplish this is 
with an automatic center punch. This is a spring-loaded tool that does not require a hammer. 
You line up the tip to the mark, and then push straight down, which compresses a spring. You 
continue pressing until the spring fires at a preset (and adjustable) pressure, making a mark on 
the part just like a manual punch. Automatic center punches cost about $25, and I highly rec- 
ommend them as a way of saving time in the shop. Both punches can be seen in Figure 7.5. 
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Figure 7.5: Manual and automatic center punches. 
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Drill Press Setup 

The first thing to check with your drill press is that the table is level. Put a square on the table 
and bring the spindle down to see if the angle matches. Many small bench-top units have an 
angle adjustment on the table. You should make sure this is perfectly true to the spindle and 
leave it. If you need to drill an angled hole, then use the means described later in this chapter. 
Do not adjust the angle of the table. If it’s set back incorrectly, all your holes will be crooked, 
and you'll be wondering why your parts aren't lining up. 


It’s also a very good idea to get a 3/4-inch-thick piece of wood (plywood or MDF) that’s a lit- 
tle bit larger than the dimensions of the drill press table. This will give you a disposable surface 
that you can drill into to complete your holes, and will protect the metal surface of the drill 
press table as well as your drill bits. 







Cleanliness counts! Make sure that you keep the table surface clear of chips (bits of aluminum or 
| plastic) at all times. If you get a chip underneath a part that’s clamped to the table, the small 
| angle could cause you to drill a crooked hole. The same goes for the vise. Make sure to blow 
«| everything off and wipe away any chips before clamping your part in place. 


Drilling True Holes with a Cordless Drill 

The drill press automatically lines you up to drill a true hole. What if you've got to drill a hole 
in a part that won't fit into the drill press or that is already mounted to the robot? No problem. 
There are a few easy ways to ensure that you drill a true hole with a cordless drill. 


m You can set up two squares next to the hole at 90 degrees to each other as shown in 
Figure 7.6. This will help you visually line up your drill to the true angle. 





Ficure 7.6: Two-square visual method. 





m If you've got a friend handy, have them help you sight and correct the drill angle. 


m@ Ifyou have access to a drill press, you can take a scrap of aluminum and make a block. 
The block should be wide enough to help you determine whether it’s flat on the surface. 
A 1" x1" x 1/2" thick block should suffice. Drill a true hole in the block that’s the cor- 
rect size using a drill press. Chuck the bit in the cordless drill and slide the block on. 
Use the tip of the drill bit to line it up to the punch mark, as shown in Figure 7.7. 
Slide the block back down to the surface of the part, and adjust the drill angle until 
the block sits flat. 





1. line up the drill tip 2. slide the block down 
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Ficure 7.7: Block method. 


[Caution It's important that the part does not move while you're drilling. It must be clamped into a bench 
1 vise or worktable, or the robot must be up on blocks to prevent rolling. 





It's easier to maintain a true angle when drilling straight down. If you can, rotate the part (or the 
robot) to your advantage. 





Clamping Stock 


All raw metal stock and parts to be drilled must be clamped down to the drill press table, 
clamped to a worktable, or held in a drill press vise or bench vise. There are three important 





reasons for this: First, despite the use of lubricants, the drilling process will produce some heat. 
This can cause a piece of stock to become too hot to hold with your hand. Second, the motion 
of the drill bit can cause the stock to move slightly, leaving you with a hole that’s slightly off 
the mark. Finally (and most importantly), the drill bit can catch in the stock and cause it to 
spin out of your hands, which may lead to an injury. Following is a discussion of some common 
stock shapes and how to clamp them effectively. 


Don't underestimate the amount of torque and speed that a drill press can transmit through a 
| bit caught in a piece of metal. 


It's handy to have three or four big C-clamps around the shop for drill press setups and other 


+<1 Using a Drill Press Vise 
The drill press vise (shown in Figure 7.8) is an essential tool in drill press setups. It securely 
holds parts that are too small or whose shape is not easily clamped directly to the drill press 
table. For effective use of the vise, the following guidelines should be followed: 





Ficure 7.8: Drill press vise. 


The vise should always be clamped to the drill press table. Simply securing a part in the 
vise does not guarantee your safety if the part catches on the drill bit. Clamping the vise 
to the drill press table is the best insurance against harm. 


The jaws of the vise should be blown off and wiped clean with a rag before clamping. No 
chips should be present on or underneath the vise. Stray chips can cause you to drill 
crooked holes. 


Make sure that you don’t drill into the vise by keeping in mind where the drill bit will 
exit the part. You can also use a piece of scrap wood underneath to help prevent this. 


Small parts should be propped up to a height that’s just above the jaws of the vise, so 
that the drill bit doesn’t have to dive down between the jaws. This is best done with a set 
of parallels, as described later. 
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_ What Are Parallels? 


i Parallels. are Tally 1/8- inch- thick, é inch: ‘long steel ei in a set ror various precision heights. 
Their precision guarantees that a part is parallel to the base of the vise. Sets of parallels can be 
pretty expensive; a more cost-effective alternative (albeit lower precision) is to use 0.100-inch 


Ee brass stock. K&S Brass makes an assortment of sizes of brass bars. 





lf you ‘find that the brass pieces are falling down (collapsing like a fae of cards) when you try 
to stack them, put a small piece of double-stick tape on each piece of brass, and then stick it to 
the sides of the vise jaws. Start your stack at the bottom, so that you make sure all the pieces 
above it are straight, and make sure that the tape doesn't fold over the edge of the brass, which 
_ would cause a high spot, leading to inaccuracy. You can also bend a thin piece of brass into a 
hump. As you close the jaws, the bending strip acts like a spring, peeping outward pressure on 
| the parallels, to keep them from falling down. 2 


Plate Stock 

This is the most common configuration for armor. Clamping a plate is pretty straightforward. 
You'll bolt it on top of the wood plate (as described earlier) directly to the drill press table. Try 
to have as much of the plate supported by the table as possible. If the plate is very large, have a 
friend help support it on the side so that it rests flat on the table. You can swing the table hori- 
zontally to get better access to the edges of the plate while still allowing most of it to be sup- 
ported by the table. 


Thin Plate Stock 

Thin plates (less than 1/16-inch thick) should be treated as a sideeent type of stock from 
thicker plates. This is because of their tendency to flex when clamped down at the edges. Also, 
a stuck bit will pull the plate upwards. By adding long strips of wood or metal and clamping 
them as shown in Figure 7.9, you can prevent this flexing from happening. The idea is that if. 
the part can easily flex, you should get the clamping as close to the hole as possible. 


A Uni-bit or stepped drill bit (shown in Figure 7.10) works very well in thin stock. Unlike regular 
/1 twist drills, a Uni-bit has a single flute (cutting edge), so it is much less likely to grab the thin plate 
and pull it up as it breaks through the bottom. Make sure to indicate the step you want to go to 
| with a marker before you start drilling. 





Bar Stock 

This is one of the most dangerous types of stock to drill because the bar can easily catch and 
swing around, causing a serious injury. Bar stock should be clamped directly to the drill press 
table like plate stock, or secured in a vise that’s clamped to the table. If the bar stock is fairly 
long, you can take an extra precautionary step by clamping it so that the excess length is lined 
up on the left side of the drill press arm. That way, if it breaks free, it will immediately stop at 
the arm, instead of swinging all the way around past you. 








stuck bit: pulls bars get the clamping action 
thin stock up closer to the hole, 
where it needs to be 


Ficure 7.9: Thin plate stock clamping technique. 


Round Stock and Tubing 
Round stock and tubing should be held in a drill press vise that’s clamped to the table. Don’t 
try to clamp the stock directly to the table. 


Drilling round stock also requires special attention, because the drill bit is more likely to skip 
around, even with a punch mark. Before using a regular drill, make a punch mark as usual, and 
then use a combination center drill to make a wide dimple, as shown in Figure 7.11. Because 
the center drill will not flex around the side of the tube like a standard drill would, it’s better 
suited to starting the hole. 


em, 





Ficure 7.10: Various Uni-bit styles. 





Figure 7.11; Round stock drilling procedure. 


Irregular Shapes 

You should use your own judgment in clamping irregular shapes. Think about where you're 
applying pressure, and try to design your clamping scheme to handle the force. Consider what 
might happen if the drill bit caught in the stock. 


Precision Holes 


For most operations, a regular twist drill is more than enough to do the job. However, some 
items, such as bearings, need a really precise hole diameter. For large precision holes, you need a 
boring head, as discussed in Chapter 10, “Mechanical Building Blocks.” Small precision holes 
can be made with a reamer. Regular twist drills tend to flex and wander a bit, even under ideal 
conditions. A reamer is specially designed not to flex at all, and should be used at a lower speed 
with a lower feed rate, and plenty of lubrication. 


You have to drill a hole to start with, since the reamer cannot drill a hole itself. Unlike a drill 
bit, it has straight flutes that are designed to cut away only a small amount of material at a 
time. For the best results, your hole should be the next smaller fractional size from the reamer 
size that youre using. 


Large-Diameter Holes 


Usually, you'll have to mail order any drill bits that are more than 1/2 inch in diameter. You 
should make sure that the shank of the drill bit is small enough to fit in your chuck, which is 
usually 3/8 inch on cordless drills and 1/2 inch on drill presses. This is called a reduced-shank 
drill bit. 


Often it's the case that if you're using a really big drill bit, it’s easier to start by drilling a little hole, 
called a pilot hole. Because larger-diameter drills have a large point, sometimes it's hard for them 
to catch the small punch mark that you've made to indicate the hole's location. Also, you may 
| have a lot of chatter because the bit is trying to take off a lot of material in each rotation, which 
can lead to poor hole quality. 








Another way to drill large-diameter holes is by using a hole saw, as shown in Figure 7.12. 
You've got to drill a pilot hole at the center of the large hole to help you maintain align- 
ment. Hole saws should be used at the slowest speed you can set the drill press to, with a 
lot of lubrication. Very large sizes (greater than 2 inches in diameter) should be cut out 
with a jigsaw. 


3/8" shank 


pilot bit 





large diameter hole saw 
drill bit 


Ficure 7.12: Reduced-shank drill bit and hole saw. 


Drilling to a Specific Depth with a Drill Press 


Most drill presses are equipped with a depth gauge that will limit how far down you can move 
the spindle. This works great in theory, but it’s likely that you'll have to make several adjust- 
ments before hitting the desired depth. This would mean tightening and loosening the nuts 
several times. I find that it’s easier to tighten the nuts in a position that’s close to the correct 
depth, and then use the table height crank to make fine adjustments. 


Drilling to a Specific Depth with a Cordless Drill 


Since you don’t have a fancy depth gauge system, you're going to have to be a little more cre- 
ative. You can mark the depth you want with Dykem or a marker. There’s also the low-tech 
approach of putting a piece of tape on the drill bit, which works pretty well. After a few holes, 
however, the tape tends to get pushed up, and you'll have to replace it. A better approach is to 
use a block of wood (as shown in Figure 7.13) that’s long enough to touch the chuck when the 
drill is at the correct depth, and prevent you from going any deeper. If you have a standard frac- 
tional size drill bit, you can also use a one-piece shaft collar. (Shaft collars are described in 


more detail in Chapter 10.) 


Multiple Sets of the Same Holes 


By clamping straight bars or blocks to the drill press table, you can create a setup that will help 
you quickly and accurately line up multiple parts so that you can drill the same hole in them. 
You can use wood or metal, or even a ruler. It doesn’t matter as long as. you create a consistent 
edge to line up to. Clamping the bars into an L-shape usually works best for aligning parts. 
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Ficure 7.13: Cordless drill depth stop techniques. 


You can also tape several similar-sized plates together with double-stick tape and drill the holes 
all at once. Double-coated paper tape #410 made by 3M is very thin, but strong, and works 
well for this procedure. It is available from Grainger and various art supply stores. Make sure 
that the parts are clean (no lubricant) before you stick them together. 


Angled Holes with a Drill Press 


In this situation, instead of tilting the table, the best way is to tilt the part and clamp it into a 
vise. First, use an angle finder to mark a parallel line to the intended drilling angle, as shown in 
Figure 7.14. Then you can use this line to clamp the part in a vise. Much like round stock, 
angled holes don’t provide the drill bit with a good surface to dig into, so you should start the 
hole with a combination center drill, giving yourself a wide chamfer (angle on the hole’s open- 
ing) to guide the drill bit into place. 


Angled Holes with a Cordless Drill 


The best way to make an angled hole using a cordless drill is to make an angled block. Begin 
by using a bandsaw or jigsaw to cut a small block of aluminum. Grind or sand the surfaces as 
flush as possible. Use the drill press to make sure that the guide hole is true. Use an angle 
finder to indicate the correct angle on a piece. Rough cut the angle into the block with a band- 
saw or jigsaw and sand or grind to the mark. 


Slide the angle block onto the drill bit and line up the tip to the punch mark as shown 
in Figure 7.15. Slide the block down to the surface, and adjust the angle of the drill until the 
angled edge sits flat on the surface. Be careful not to let the block slip. 














PEO ee a 


angled hole 


drill press 
chuck 


3. clamp the 
stock in the 
vise with the 
line parallel 
to the jaws 


1. this is the target 


drill press 
vise 






2. mark the stock 
inline with the desired 
hole and at 90 degrees 
to desired hole 





1. line up drill bit tip ' 2. slide block flush 
on punch mark to the surface and 
hold it there 


Ficure 7.15: Angled hole block for cordless drill. 





Drilling into Hardened Materials 


As described in Chapter 4, “Selecting Materials,” certain metals can be hardened by the heat- 
treating process. While this makes them ideal for weapons, it makes it very difficult to modify 
them after the fact. In order to successfully drill a hole in a hardened material, it has to be 
annealed (heated) first to make it softer. If you don’t do this, you can have some frustrating 
results destroying drill bit after drill bit with little progress. The process of annealing goes 

like this: 


1. Cut or grind the head off of a nail and chuck it into the drill press. You will be sacrificing 
this nail for the sake of your project. 


2. Use the tip of the nail to line up to the punch mark. 


3. Set the drill press to a very high speed. Unlike all other drilling operations, the point 
here is to generate a large amount of heat. Also note that no lubricant will be used for 
this step. 


4. Lower the spinning nail to the part and apply pressure. Continue pressure until the nail 
heats up the area around the punch mark to a bluish color. This will indicate that the 
area has been sufficiently annealed. Raise the spindle and turn off the drill motor. Be 
careful to avoid touching the part, since it will be very hot. 


. Allow the part to cool down. 


5 
6. Insert the correct-sized drill bit and apply lubricant to the part. 
7. Start the drill motor, and drill the hole normally. 

8 


. Raise the spindle, and turn off the drill motor. 


To make holes in exotic materials like titanium, I like to use solid carbide drill bits. They are 
significantly more expensive than high-speed steel bits, but I usually only need one or two 
sizes, and they work really well. Note that carbide bits will also work with hardened materials. 
They are available for purchase in individual sizes from McMaster-Carr. 


Fixing Drilling Mistakes 
Yes, sometimes things don’t turn out exactly as you expect, even for a veteran robot builder. No 
problem. This section deals with fixing some common problems with drilling holes. 


Fixing a Punch Mark in the Wrong Place 


You may occasionally put a punch mark in the wrong place, just shy of the actual mark. To cor- 
rect this, you will be “pushing” the mark over in the right direction, as shown in Figure 7.16. 
This is accomplished by punching at the inside edge of the wrong mark a few times towards 
the correct direction. Then, finish up by punching straight down on the real mark. It might be 
necessary to repeat this process a few times. 
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FiGure 7.16: Fixing an incorrect punch mark. 


Fixing Holes That Are Too Big 

For some holes, you may want a tight tolerance, such as a slip fit for a pin. Twist drills may flex, 
or the drill chuck may not be perfectly straight, giving you an oblong hole that’s slightly over- 
size. You can make the hole diameter essentially smaller by closing down the opening. There 
are two ways to do this, as shown in Figure 7.17. 


ball-peen hammer 
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Ficure 7.17: Hole-reducing techniques. 


First, using the ball end of the ball-peen hammer, strike the hole squarely. The rounded face 
will deform the edge of the hole’s opening, closing it down. You must make sure to strike the 
hole squarely when you do this, or you may cause a slight misalignment. 


Second, Micro-Mark sells an inexpensive set of peening handles, or reducing punches, that are 
essentially a hardened steel ball on a little handle. These allow you to accurately hold the ball in 
place while striking, and do the same job as the ball end of the hammer, but with much less 
hammering skill required. 


You can use an automatic center punch to make a series of divots in a ring around the oversize 
1 hole. This will push some of the material inward a little bit, shrinking the effective size of the 
hole. 
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Several techniques for fixing holes that are drilled in the wrong place are discussed in Chapter 8, 
=| “Fasteners—Holding It All Together.” 


ping Techniques 


Making threaded holes is another basic skill for the robot builder. It’s pretty easy (as long as 
you follow the guidelines) and very useful. It offers speed in assembly and requires less space 
than a nut. This section will introduce the builder to this skill and describe the step-by-step 
sequence of tapping. Also, you will find out about precautions to avert disaster and how to cor- 
rect some mistakes. 


Screw Sizes and Drills 


Since the ultimate goal of tapping is to fasten parts with screws, the tap sizes are specified by 
machine screw sizes, as shown in the table in Appendix F. Before tapping, you must create the 
correct-sized hole, since a tap cannot drill a hole for itself. For the taps to work correctly, these 
holes have to be specific sizes. Number drills are called out for all tap sizes, but some fractional 
drills can be substituted if lower performance is acceptable. 


The ¢ap drill is the size drill that must be used on a hole that will be threaded. The clearance 
hole drill (also called a through-hole drill) is used for holes that the screws pass through (no 
threads). 


Screw sizes and fastener types are discussed in detail in Chapter 8. 


ee J Tap Styles and Handles 


Spiral-point taper taps are the easiest to get started, and will do the job for most of your robot 
work. Bottoming taps are intended for blind holes that don’t go all the way through the part, 
although you can easily grind the point off of a spiral tap to get a similar effect. 


There are a few different styles of tap handles as shown in Figure 7.18. Generally, smaller taps 
are intended for use with the T-handle wrench, since it’s smaller and offers excellent control, 
while large taps use the straight wrench because of the leverage. 





T-handle straight handle 
Ficure 7.18: Tap wrenches. 





Tapping Procedure 


All tapping operations are generally done by hand with a tap wrench, which yields the highest 
precision and control. If you're willing to risk breaking a tap for faster operation, you can chuck 
the tap into a reversible cordless hand drill. A tapping block should be used to ensure a straight 
entry. The following basic technique should be used for hand tapping: 


1. Just as with the drilling procedure, lubrication must be used at all times. In most cases, 
WD-40 or some type of household oil will suffice, although you can also purchase 
chemicals that are specially formulated for tapping, such as TapMagic. For plastics, water 
will do just fine. 


2. The tap must enter the hole perpendicular to the surface of the part. In most cases, a 
tapping block created from a scrap of aluminum will help you get the tap started straight. 
The hole that’s drilled in the block to guide the tap should be the through-hole size. 


3. As you turn the tap trying to get it started, it will tend to pull to one side or the other. 
Taps are by nature self-centering, but you should try to keep them as straight as possible 
while starting. 


4. If the hole is straight and the tap goes in correctly, then you should encounter very little 
resistance. If it becomes very difficult to turn the tap, then stop immediately, unscrew the 
tap from the hole, and check things out. 


5. You must break the chips that are created by the thread-cutting process. For every two 
turns forward, go back a quarter turn. This will break up the chips and keep them from 
getting in your way. 


6. For holes that go all the way through the material, you've got to continue past the bot- 
tom of the hole a little way to make sure that the threads go all the way through. If the 
hole doesn't go all the way through the material, make sure to stop tapping before you 
hit the bottom of the hole, or the tap may become stuck in the material. 


7. When you're certain that the threads are fully formed, unscrew the tap from the hole. 


8. Wearing your eye protection, make sure to blow out the hole to remove any chips that 
are trapped in the hole. For blind holes (where you don’t go all the way through the 


part), you can use a pair of thin needle-nose pliers or a needle to dig the chips out. 


9. For metal parts, make sure to rinse the hole in acetone or isopropyl alcohol to remove 
any lubricants, leaving a clean surface for bonding with the threadlocker, as described in 
Chapter 8. Acetone and threadlockers should be avoided in polycarbonate parts. 


$e 


Taps should never be chucked into a drill press. Not only are drill presses not reversible for tap 


2 eS removal, but also the speeds are too fast for this operation. 


spats 





If the hole is threaded all the way through, make sure that you have clearance on the bottom for 

he tap to exit the part. If you're tapping a blind hole, make sure that you drill a little bit deeper 

31 than your thread needs to be. You need to allow space at the bottom for broken chips to com- 

—*.| press during the tapping process. Also, you can grind the tip off of a spiral point tap to form a 
bottoming tap, which will allow you to extend the thread a little deeper. 
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Making Sure Holes Line Up 


Sometimes, you'll mark two pieces and drill them exactly on the marks, but they still don’t line 
up. (It actually only takes a few thousandths of an inch to prevent two pieces from lining up.) 
The following procedure will help you create aligned holes for pieces that are intended to be 
fastened together. 


1, Clamp the two pieces together in their final orientation relative to each other. 


2. Mark and punch the locations of the holes that join the two parts. 


3. Drill through both parts with the tap drill. If you accidentally use the through-hole drill, 


then you're out of luck. You'll have to use a larger size screw or a nut on the bottom side. 
4. Clearly mark the correct orientation for the two pieces and unclamp them. 
5. Tap the piece that gets the threads as described earlier. 


6. Now go back to the piece that will get the through hole. Use a countersink to put a 
chamfer (a small angle) on the inside rim of the hole. This will help guide and center the 
larger through-hole drill. 


7. Drill the through hole. 


8. Now you should be able to fasten the two parts together using the correct size screws. 


Dealing with Broken Taps 


Unfortunately, it’s actually pretty easy to break a tap. They’re not very wide, and you're gener- 
ally applying a lot of force to them. Taps are threaded all the way around, so that they’re sus- 
ceptible to breakage due to excessive side loads. What’s worse is that they’re made of tool steel 
and don't usually break off flat, which means that you've got to grind them down. A broken tap 
also blocks a hole that you usually need. 


This section will describe some common causes for tap breakage, so you can avoid them. Also 
included are some solutions, just in case you find yourself in that regrettable circumstance. 


Common Causes for Binding and Breakage 


Binding, or encountering a force that causes the tap to stop, often leads to breakage. Most 
breakages occur because the applied force (by you) causes the tap to snap on a screw thread. 
Following are a few common situations that may cause a tap to bind and break: 


m The hole is the wrong size, requiring excessive force to tap. 


m The hole isn’t deep enough, causing the tip of the tap to crash into the bottom of the 
hole, or the chips that have been compacted together at the bottom. 


_@ The builder did not use lubrication. Without lubrication, heat builds up and chips tend 
to compress together in the threads, causing the tap to bind. 


m The builder did not break the chips. The long chips resulting from the thread-cutting 
process jam together and get stuck in the threads, causing the tap to bind. 
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m@ The hole is crooked or has a bend in it caused by changing the drill angle during the 
drilling process. The tap goes in easily, but then binds when it reaches the angle 
change. 


@ The tap did not enter the hole straight. The tap will work okay for a while, but will bind 
as it goes farther into the hole at an angle and tries to correct itself. In addition, the 
downward force that you apply to the turning motion will start to bend the tap, and may 
easily result in breakage. 


Solutions 


Usually, dealing with a tap that’s wedged itself in a part isn’t that hard. You can use an 
adjustable (crescent) wrench on the square part of the shank to unscrew it. However, you've got 
to be very careful no to put any side load on the tap or it will break off. 


Basically, it’s best to avoid breaking taps at all cost. However, if you've already broken the tap, 
then the following techniques describe how to deal with it: 


m You can try to grind a slot in the broken tap with a thin abrasive disc in a Dremel rotary 
tool. Then you can use a flathead screwdriver to try and twist the tap out. 


For a review of Dremel rotary tool safety, check out Chapter 6, “Shaping and Finishing Metal.” 


m@ Tap removers are expensive and only work well under perfect conditions. I’ve actually 
had very little success with these tools. 





@ Grind the broken tap flat with an angle grinder and move on. 


Project 3: Drilling and Tapping Holes 


In this project, you'll use the armor/structure plates you cut out in Project 2 (Chapter 6) and 
apply the drilling and tapping techniques you learned in this chapter. I'll cover techniques for 
using the drill press and cordless drill, as well as methods for tapping holes. You will be drilling 
holes into the aluminum base plate you cut in Project 2, as well as the Lexan side panels. You 
will also create threaded mounting holes in these pieces, so that you can assemble them in the 
next project. 


Caution Eye protection is required for this operation. Pieces of metal may fiy around. Review all of the 
| 7 ~— 4 general power-tool safety protocols described in Chapter 5, as well as the sections that corre- 
ZCAUTIONS€| spond to the specific tools used below. 





This project makes use of the patterns available on the Kickin' Bot Web site at www. 
© | kickinbot.com. You should download them and print them out at 1:1 size. Tape the sheets 
«| together to form a large pattern. 
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Drilling Holes in the Base Plate 


You will be attaching the drill pattern and marking holes using the automatic center punch. 
While a cordless drill can perform all of these operations, the drill press will give you the best 
results and allow you to work the fastest, because you won't have to concentrate on holding the 
tool straight to create straight holes. Some of the holes are inaccessible with the drill press, 
however, and that’s where you will use the cordless drill. You'll finish up the base plate by tap- 
ping some of the holes for screw threads. 


1. Attach the pattern (available online at www.kickinbot.com) to the base plate using 3M 
Spray 77 spray adhesive. It’s best to tape the pattern together first, making sure that your 
alignment marks match up. Then, apply the spray adhesive to the whole pattern. 


2. Using an automatic center punch, mark all the holes indicated. To accurately line up the 
punch, hold it at a 45-degree angle and center the tip over the X mark, as shown in 
Figure 7.19. Then raise the body upright and push straight down. 


3. Drill the holes using the drill press. Make sure to line up the hole and then clamp the 
plate to the drill press table. Holes should be drilled with the number drill indicated. The 
unmarked holes should be drilled with a 1/4 -inch drill bit. Make sure to use a cutting 
fluid or WD-40 for lubrication. 


4. After you've drilled all the holes, remove the pattern and clean the sticky residue from 
the plates surface with Goo Gone or another solvent. 
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Figure 7.19: Correct punch lineup. 





5. Some of the holes indicated may not be accessible with the drill press. Use a cordless 
hand drill to drill these holes. You can use the double-square method described in 
Chapter 7, “Drilling and Tapping Holes,” to make sure that the hole is straight. 


6. Chamfer all holes with a countersink. You're only removing the sharp edge from the 
hole, so apply light pressure (usually the weight of the drill will do) and let the 


countersink slowly turn three to four times. 


7. Tap the holes according to the procedures and precautions described in Chapter 7. Create 
#10-24 holes for the master power switch, #6-32 holes for the speed controls, and ‘/s"-20 
holes for the battery plate and brackets, chain tensioners, secondary power switch bracket, 
and receiver and receiver battery brackets. Make sure to use plenty of lubrication. 


Drilling Holes in the Side Panels 


Again, the drill press is the tool of choice when you've got a lot of straight holes to make. For 
this series of steps, you will be working on the Lexan side panels. You'll start by using the hole 
saw (or Uni-bit) to make large-diameter holes for the axles, and then drill the holes in the front 
and back armor pieces. Finally, you'll drill all of the mounting holes in the top and bottom of 
each panel, and tap them to form a screw thread. 


1. Peel off the protective coating on one side of each of the side panels. Leave the other 
side covered. Attach the face, top, and bottom patterns to each of the side panels using 


3M Spray 77 spray adhesive, as shown in Figure 7.20. 





Ficure 7.20: Patterns applied to the side panels. 
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2. Using an automatic center punch, mark all the holes indicated. 


3. Lower the spindle speed on the drill press to the slowest setting possible. Consult your 
owner’s manual for instructions on how to do this for your machine. 


4. Start by drilling the axle holes in the panels marked “side” (as opposed to those marked 
“front”) with a 1-inch hole saw or large Uni-bit. Add a scrap piece of wood underneath 
the side panel as shown in Figure 7.21 before clamping the workpiece into place. This 
will allow you to drill the large diameter axle hole all the way through the piece without 
damaging the drill press table. Make sure to use a generous amount of lubrication to 
keep the plastic cool. You can use water or WD-40. 


If you use a Uni-bit, make sure to drill a 1/4-inch pilot hole first to help guide the tip into place. 
Also, you should use the large version with a 3/4-inch maximum diameter to make the initial 
hole. After you're done, clamp the piece to the table and use the Uni-bit with a 1-inch maximum 
)| diameter to open up the hole to the desired 1 inch. You can't start with the 1-inch maximum 

diameter Uni-bit because it has a flat tip and a minimum diameter of 1/2 inch. : 








Figure 7.21: Scrap wood to protect the drill press table. 


5. Next, drill the holes in the “front” pieces using a 1/4-inch drill bit. 


6. Drill the top and bottom holes in each of the panels by clamping them into a drill press 
vise and securing the vise to the drill press table. After lining up and drilling the first 
hole, you can quickly set up for drilling the next hole simply by loosening the vise and 





moving the panel over. You can leave the vise clamped to the drill press table, as shown 


in Figure 7.22. 


7. Tap the top and bottom holes with a '/:"-20 spiral-point tap. Although you can save a lot 
of time by using a cordless drill instead of the tap wrench to tap holes, I can’t officially 
recommend it as a standard technique because it increases the likelihood of breaking the 
tap. (This is a personal choice for you.) With a large, strong '/:"-20 tap like this, you 
probably won't break it, but it’s much safer to use the tap wrench. 


8. Remove the patterns with Goo Gone and chamfer all holes with a countersink, using 
light pressure as mentioned before. 





Ficure 7.22: Lineup for top and bottom hole drilling. 


Wrapping Up 


As you can see from the length of this chapter, it’s not always the same old thing when drilling 
holes. You can be faced with many different situations, requiring the use of different tech- 
niques. Carefully following the techniques in this chapter will help improve the accuracy (and 
fit) of your parts, making it easier to assemble your robot’s frame and armor pieces. As men- 
tioned earlier, don’t worry if all the screw holes don't line up. Adjustments are a part of any 
robot-building experience. 
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Fasteners—Hold 
— It All Together 


ou will rely on fasteners to hold your robot’s frame and armor pieces 

together. They keep drive components in alignment and prevent 

heavy items such as batteries from banging around inside the robot. 
This chapter describes the nuts and bolts of, well, nuts and bolts. You'll 
learn about the different fastener types and their functions, and why there 
are so many screw sizes and threads. You'll also learn how to correctly use 
your fasteners, including detailed procedures for dealing with misdrilled 
holes, making a screw shorter, and using threadlockers. I'll introduce you to 
flexible fasteners for shock protection and a listing of fasteners that should 
be avoided in combat robots. 


Screw Types | ips for Working 

YP with Screws 
T use almost exclusively alloy steel and stainless steel cap screws. (The stain- S 
less screws are more for appearance — shiny metal versus the dark black 


| Breaking Bolts: 
alloy screws.) The screws found in the following illustrations require an crews In Tension 


Allen key to tighten, which provides you with more mating surface than am nd 
standard slotted or Phillips machine screws, making them less likely to strip | 
out when you turn them. They are more compact than hex cap screws and 
are widely available with a variety of different head types for different 
applications. 


Shear 


Socket-head cap screws, as seen in Figure 8.1, are used as general-purpose 
screws and the thicker heads provide great strength. I use them for almost 
everything. 
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Ficure 8.1: Socket-head cap screw. 


Flat-head cap screws (see Figure 8.2) are used when you need a fastener that’s flush to the 
surface. With an 82-degree countersink, you can sink the screw into the piece you're 
fastening. 


82 degrees 





flat-head 
cap screw 


Ficure 8.2: Flat-head cap screw. 


Button-head cap screws (shown in Figure 8.3) are used where you need a lower profile 
than a'socket head, but can't countersink the screw because the piece that you're attaching 
is too thin. 


Shoulder screws (as seen in Figure 8.4) are a special type of screw that’s used for assemblies 
that are meant to slide or rotate, like mounting an idler sprocket. The smooth shoulder acts like 
a bearing surface and allows movement in a situation where a normal thread might dig in. 








shoulder screw 


Ficure 8.4: Shoulder screw. 


When to Tap and When to Bolt 


In the last chapter, you learned all about creating threads with a tap. Having tapped holes is 
pretty convenient when you need to assemble and disassemble something quickly, since you 
don't need to hold a nut on the bottom with a wrench. You just tighten your screw, and you're 
ready to go. But there are some situations where it is preferable to drill a through hole and use 
a nut instead of cutting threads. You must consider if the thing you're fastening is likely to tear 
the screw out of the threads. Remember, you'll be relying on the strength of the threads in the 
material you've tapped, which is most likely aluminum. In a high-stress application, you might 
pull the screw right out of the tapped material, stripping the threads in the process. In this case, 
you should drill a though hole and put a nut on the other side. 








Screw Sizes and Threads 


Most U.S. builders use the American Standard for Unified Screw Threads for screw sizes. 
Why? Because it’s the standard that was agreed upon by the United States, Canada, and 
England. It ensures that the screws you buy will be the same size and thread even though they 
may come from different manufacturers. 


These standard screw sizes are broken down into two categories: Unified Coarse (UNC) and 
Unified Fine (UNF). The coarse screws have fewer threads per inch, while the fine screws have 
more. Each screw has a two-part designation. The first number indicates the standard size 
(diameter) and the second number is the number of threads per inch. They are commonly 
available in 1/8-inch length increments. You can buy these screws right out of the McMaster- 
Carr or Grainger catalogs. Table 8.1 lists the most commonly used screw sizes and threads. 

A more complete listing is provided in Appendix F, “Tables and Charts.” 


Table 8. 1 Conitnat sciews Sizes and Threads 












5 landant Actual Diameter 
Screw Screw Size (Inches) 
















#2 0.086 













5/16"- 18 5/16" 
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Tips for Working with Screws 


Really, there’s more to it than just blindly turning an Allen wrench. Listed next are some 
important tips about working with your fasteners, including how to get all the screws in, open- 
ing up stubborn holes, and locking them in place with a chemical threadlocker. 





Starting All the Screws 


You were really careful in drilling the holes. You kept the tap perfectly straight while threading 
the holes. You put the first screw in, tightened it down, and none of the other screws lined up. 
Don't worry —it’s normal. Unless you've used a vertical mill or CNC machine, this will almost 
always be the case. Here’s what you do: Loosen that first screw almost all the way out; get all of 
the other screws started by hand; when you've got them all in, start to tighten them down with 
a wrench. 


What If There’s Still One (or Some) That Won't Go In? 


It’s still no disaster, and it happens all the time. You can go one of two ways. The first way 1s 
faster, but you end up with a larger hole. The second method is more precise, but it takes a lot 
longer, and produces the best results on #8 size and larger holes. 


Drill the Hole out Larger 

Usually, a Uni-bit is the fastest way to do this because it self-centers, meaning that it guides 
itself to the true center of the hole. If you don’t have a Uni-bit, then you can countersink the 
hole a little so that your drill has a centering guide, and drill the hole out with the next larger 
bit (the next 1/32-inch) as shown in Figure 8.5. Repeat this until all the screws fit. If the hole 
is really far off and you drill it out too big, you may need to slip a washer under the screw head 
so that you've got more surface area attaching the material. 


chamfered 


true center 





unibit drill bit with chamfered hole 
Ficure 8.5: Uni-bit method versus chamfered-hole method. 





See Chapter 7, “Drilling and Tapping Holes,” for a discussion of the Uni-bit. 


aie 





=e) Usea Dremel Rotary Tool and Grind It Out 

—————! First, mark the true location where the hole should be. Get out the Dremel tool and your eye 
protection (and probably some ear protection, too). Using a straight 1/8-inch carbide bit, grind 
out the hole towards your desired direction, as described in Figure 8.6. 


hole needs 
to be here 





important! 
keep the bit 
straight up — 
and down 
/ make gentle 
carbide scraping motions 
Dremel bit in the direction 
that the hole 
needs to be 


side view top view 
Ficure 8.6: Proper Dremel rotary tool technique for opening a hole. 


Turn off the tool and clean the hole with a vacuum so that you can keep track of where you're 
| going. The vacuum is a good way of cleaning the hole because this process produces chips that 
| are needle thin and easy to get stuck in your fingertips. 





Keep grinding the hole until all the screws fit. It’s not the fastest way, but you'll eventually get 
there. Unfortunately, if the hole is smaller than the carbide bit, then you're out of luck, and 
you've got to drill it out as described earlier. 


Use eye and ear protection, and make sure to review the “Power-Tool Safety” section in 
Chapter 5, “Cutting Metal," and the Dremel tool usage and safety guidelines in Chapter 6, 
4 “Shaping and Finishing Metal,” for proper Dremel tool use. 





How to Make a Screw Shorter 


Often it’s the case when you're building a robot that you won't have exactly the right length 
screw. In fact, it’s usually the rule. If you don’t have a long enough screw, then it’s a trip to the 
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hardware store or a call to McMaster-Carr. Fine. What if you have a screw that’s a little bit too 
long? Then you're in luck. Here are two methods you can use to shorten a screw. 


Abrasive Cutoff Wheel in the Dremel Tool 


Are you getting the idea that a Dremel tool is useful in building robots? You bet. For this oper- 
ation, you need to get an abrasive cutoff wheel, as shown in Figure 8.7 It’s a standard Dremel 
attachment that’s basically a little disc on a shaft, called a mandrel. The disc is composed of 
abrasive material that cuts the screw by grinding down whatever gets in its way. 





abrasive cutoff wheel 
Ficure 8.7: Abrasive cutoff wheel. 


You install an remove the disc by tightening the mandrel in the Dremel tool and preventing 
the shaft from turning (usually by pressing a button on the tool). Next, you unscrew the tiny 
slotted screw on top of the mandrel. The abrasive discs come with little holes in the center that 
are threaded onto the screw and then tightened down. 


This is a case for full face protection, since the disc may shatter, and usually does. This is why 
they make the discs easy to replace. Make sure to review the “Power-Tool Safety” section in 
‘4 Chapter 5 and the Dremel tool usage and safety guidelines in Chapter 6 for proper Dremel 
1 tool use. 


Approach the screw gently. Don't attack it with the wheel, or you'll be showered with bits of 
broken wheel and you'll have to stop and insert another one. Keep the blade parallel to the 
screw’s head or you'll cut a diagonal through the threads, and end up with an angled bottom on 
your screw that may be difficult to get started in the hole. Be patient. It will take a few minutes 
to make it all the way through, depending on the size of the screw. Make sure to clean up the 
end of the screw on the deburring wheel afterward. 


Cutting the screw will create a shower of sparks that are harmless to your skin, but may ignite 
something flammable nearby. Make sure ail open containers of flammable liquids are closed and 


NS moved away from the work area. 
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Bolt Cutters Built into a Crimper 


Some crimpers have threaded bolt cutters built into them, as shown in Figure 8.8. All you do is 
open up the handles and turn your screw into the hole that matches your screw size and thread. 
One side of the handle has the screw threads and holds the screw in place. The other side acts 
as the cutter. As you close the handles, the bolt is cut off flush to the length that you've screwed 
into the handle. 


bolt cutter closeup 





Ficure 8.8: Crimper with a built-in bolt cutter. 


_ This method is pretty easy, but it has some drawbacks. You can't cut any screws smaller than 
#4-40 or larger than #10-32. Also, it can sometimes be quite difficult to cut the screw, requir- 
ing a lot of effort. Make sure to clean the end of the screw on the deburring wheel afterward. 


You should wear eye protection when attempting to cut bolts. The cutoff part could fly out and 


~~~ | strike you in the eye. Ouch! 





“| The Good Old Hacksaw 


The hacksaw can be used to cut most metals, including steel screws. Once you determine the 
correct length, mark the screw and clamp it in a bench vise. Make sure to spray a little WD-40 
on the screw to lubricate the blade and keep it from heating up too much during the cut. Don't 
touch the screw immediately after the cut. It will most likely be hot. Wait until it cools down,. 
or use a pair of gloves to handle the screw, and drop it into a cup of water. Make sure to clean 
up the end of the screw on the deburring wheel afterward. 














] Review the. hacksaw safety guidelines in Chapter 5. 


Using Loctite 


If you haven't already heard about Loctite, then this is what it is: a chemical threadlocker. You 
put it on a screw and thread it into a tapped hole (or nut) and it cures to form a strong bond 
that “locks” the screw in place and prevents it from backing out. 


Why You Should Use Loctite 


I know you will tighten your screws to the best of your abilities. But even the perfectly tight- 
ened screw will back out eventually when subjected to enough vibration. And combat robots 
are, by nature, subjected to a huge amount of vibration, as well as huge shock loads. All of this 
means that you should use Loctite on all screws in your robot. You say, “But that’s a big pain to 
have to take everything apart, clean it, apply the magic fluid, and put it back together.” All 
right, apply Loctite on/y to the screws on your robot that you don't want to shake loose at the 
worst possible time, costing you a match. 


Avoid using Loctite and other anaerobic threadlockers with polycarbonates (such as Lexan). 
| They do not react well together, and the threadlocker will weaken the plastic. 





What Flavors of Loctite Are There? 


There are several different flavors of Loctite. Each has its own color and strength. Loctite 222 
(Purple) is called the “low-strength” formula. This is the formula that I use the most in my 
robots. Loctite 242 (Blue) is the medium-strength version. Loctite 262 (Red) is the high- 
strength (You didn’t need that to come off again, did you?) formula. 


If you really, really need to get something loosened that has cured 262, I've heard that heat is the 
1 trick. To be more precise, a lot of heat, followed by a sharp blow with a hammer. Good luck. 


Clean Parts Make a Good Bond 


In order to make a strong bond, all of the parts must be clean. That is, there should be no 
cutting fluid or WD-40 on the parts or screws. Why? Because the lubricants form a barrier 
between the Loctite and the metal. If the Loctite can’t get to the metal, then it can’t seep in 
and form a strong bond. So, the moral is: Clean off your parts with brake cleaner, acetone, or 
isopropyl alcohol. Flush all tapped holes with any of the above solvents. Give them a second or 
two to dry, and then apply the Loctite. 


How Much Should | Use? 


You must overcome the overwhelming urge to flood the hole and soak the screw in Loctite. 
Because it is an anaerobic compound, it cures in the absence of air, and the less you use, the 
better. The instructions indicate that you should only use a drop per screw. Put it right on the 
thread. If you do end up soaking the screw, just wipe off the excess with a clean rag. - 


How Long Does It Take? 


I usually leave it overnight. Besides, if you're putting Loctite on something, you probably don't 
want to take it off immediately, right? Just let it sit a good couple of hours, and it will be fine. 
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Breaking Bolts 


Be nice to your bolts — they will break if used improperly, and broken bolts mean armor plates 
flying off, or drive components losing alignment and becoming inoperative. When using screws 
to connect two pieces of material (whether it be wood, metal, plastic, or something else), you 
can subject them to two kinds of loading: tension and shear. 


What are tension and shear loads? Imagine that you are attaching the top armor plate to your 
robot. As you tighten down the screws, you're squeezing the top armor down onto the frame of 
your robot. This squeezing together is a tension load. A two-piece shaft collar also squeezes 
together, clamping onto a shaft. The direction of the load is in the direction of the screw body. 
Now if you can imagine a sliding or slicing force, that’s shear. That force is applied perpendicu- 
lar to the direction of the screw body, as shown in Figure 8.9. 


/ 
j 


Ficure 8.9: Tension and shear. 





tension 





Carroll Smith, engineer and racecar constructor, says in his Nuts, Bolts, Fasteners and Plumbing | 
Handbook, “Always bear in mind that clamping is the function of bolts and that location is the 
function of dowel [pins].”! I agree with Mr. Smith and provide the following example to sup- 
port that doctrine. 


Consider the rotary weapon blade shown in Figure 8.10. A robot builder wants to attach the 
weapon blade to the hub, which will rotate. That’s fine, but on impact, all of the screws are 
likely to be sliced right off because of the huge amount of shear (sliding, slicing) force that they 
will be subjected to. 


Now, the usual course of action is to get bigger, stronger bolts to hold the blade in place. This 
will probably work, but over time, you will see that the repeated impact will result in wear on 
the bolts and threads. 


What would be a better way to overcome the shear force? This would be the proper job of 
something other than the bolts, whether it is the structure (redesign the part) or hardened 
dowel pins. As illustrated in Figure 8.11, you can use the screws in tension to hold the bar in 
place, and the dowel pins will absorb the shear load. 





cross section 
Figure 8.10: Rotary weapon example with bolts only. 





cross section 


FiGure 8.11: Rotary weapon example with bolts and pins. © 


Flexible Fasteners 


Some components of your robot are much more fragile than others. In fact, some are so 
fragile that an impact could cause them to shake an essential part loose (think speed controls). 
In these cases, it’s handy to have something to absorb the impact energy, and that’s where 
Neoprene- (and rubber-) based fasteners come in. Also, a few builders use these fasteners to 
shock mount their armor pieces against impact, allowing them to drive around the arena and 
smash into walls at full speed without blinking. 


a These should absolutely be used in compression only, since a shear load could cause the 
neoprene to rip apart. 





Cylindrical Sandwich Mounts 


These fasteners are called “sandwich” mounts because you have two mechanical fasteners (male 
or female) bonded to the top and bottom of a neoprene or natural rubber disc, forming a little 
sandwich as shown in Figure 8.12. They are available from McMaster-Carr in all standard 


SCreW SIZES. 


- 





male-male  female-male 
Cylindrical sandwich mounts 


Ficure 8.12: Cylindrical sandwich mounts. 


Rubber-Insulated Rivet Nuts 


I know the name says “rivet nuts,” but you don't actually rivet these shock isolators. Instead, you 
drill a hole large enough to press them into, and then put a screw through the item you're 
mounting into the thread in the middle of the rivet nut. As illustrated in Figure 8.13, when you 
tighten down, the thread sucks the rivet nut upwards, and expands the neoprene just like a 
standard rivet. The cool thing is that you can remove it by loosening the screw. They are avail- 
able from McMaster-Carr in all standard screw sizes from #6-32 to 3/8"-16. 





Fiure 8.13: Rubber-insulated rivet nut. 


Velcro 


I wish I could devote more space to Velcro. It’s saved me in the past, but what more can I say? J 
carry adhesive-backed Velcro in the toolbox wherever I go. It does two really useful things: 
First, it sticks an item down wherever I want it, and second, it gives me a little shock protec- 
tion, because it allows the part to move just a little bit. I keep the items that I secure with 
Velcro limited to small things such as radio control receivers and their batteries. In the past, 
I’ve used Velcro in combination with cable ties to hold down larger items. 





apter 8 — Fasteners — Holding It All Together 


~ Other Fasteners (and Why We Don't Use Them) 






Not every fastener under the sun is up to the rigorous punishment that we combat robot 
builders will be putting them through. In fact, most other fasteners, though widely available 
and handy in some situations, are simply not appropriate. Next I’ve listed a few alternatives that 
are fine for non-combat situations, but should be avoided in the arena. 


Rivets 


Rivets are quite easy to install. You drill a hole that’s the right size through both pieces of 
material that you wish to fasten together. You put the rivet in the tool, and place the rivet body 
in the hole. Squeeze the tool and the rivet expands and breaks off the remaining stem in one 
smooth “pop” motion, leaving a strong connection. The problem is that in order to remove the 7 
connection, you've got to drill the rivet head out, which can be time consuming. Also, you're” 
limited to relatively thin sheet materials. And finally, you re relying on that tiny flange, which 
you were able to deform by hand (with a tool) to maintain your connection. Skip the rivets and 
drill and tap. You'll be happier later on. 


Rivet Nuts (or “RivNuts") 


The best application for rivet nuts is to quickly put a threaded hole into a material that’s too 
thin to tap, or that is likely to tear its threads. Similar to the procedure for a rivet, you drill a 
through hole of the appropriate size. You then screw the rivet nut onto the tool’s mandrel, put 
the rivet nut in the hole, and squeeze. Simple installation, but I don’t trust any formed flange 
technology in a combat robot. 


Nut Inserts (or “NutSerts") 


Nut inserts are very similar to rivet nuts except that they aren't riveted. When you turn the 
screw handle on the insertion tool, it draws the nut insert up and compresses it, forming a 

flange on the top and bottom just like a rivet nut. A cool solution, but it falls into the same 
category as the previous two. 


Sheet Metal Screws and Self-Drilling Screws 


Sheet metal screws are great for, well, sheet metal. You can get them in pretty long lengths, but 
really, they are limited by the thickness of metal that they can accommodate. 


The difference between sheet metal screws and self-drilling screws is that the self-drilling 
screws have a little drill-bit-like tip that works in theory, but in actual practice, it sucks, and it’s 
best to drill a pilot hole for both types of screws. — 


The key to properly installing sheet metal screws and self-drilling screws is to use a cordless drill 
/ with a clutch. Set the clutch to trip at a pretty low torque (in the bottom 25 percent of the range) 
nd put the screw in place in your pilot hole and tighten it down. If you don't use the clutch, 


| you'll probably end up with a screw spinning in a stripped out and useless hole. 





Sounds pretty easy, right? The problem is that this is a one-way trip. These types of screws are 
best left alone. If you try to remove and reinstall them, you will end up stripping the threads, 
and then you're out of luck. Experience says, don’t bother with these. They're more trouble than 
they’re worth for combat situations. 


Wrapping Up 


This chapter introduced you to the different types of screws that you have to choose from, and 
how to correctly implement them in your design. It also presented some important techniques 


for dealing with misdrilled holes, which are a fact of life for the robot builder. 


Correctly using your fasteners will allow your armor to do its job protecting the robot. 
Fasteners are what hold your robot together. If enough fasteners fail, you could be left with 
your insides exposed to attack, or worse, incapacitated in the arena with an inoperative drive 
system. 


1 Smith, Carroll. Carroll Smith's Nuts, Bolts, Fasteners and Plumbing Handbook. St. Paul, Minnesota: Motorbooks 
International, 1990. 


Selecting Drive 
Motors | 


aving a good drive system is critical to your robot’s success in com- 

petition. Remember, if you can’t move, then you're out. If you can't 

maneuver very well, then you won't be able to deliver your weapon, 
and you'll probably get the snot kicked out of you by a robot that’s faster 
and more nimble. At the heart of the drive system are the motors, and this 
section will help you find the right motors for your robot by first introduc- 
ing what a motor is and what some of the more important characteristics 
are. Then, the top ten most popular motors in robot combat are listed, so 
you can see what other builders are using and why these motors are so pop- 
ular. Included is a discussion of gearing and gear ratios to help you make the 
most of your motor’s power. Finally, if you don't find something that works 
for you in that list, I’ll discuss what to look for if you want to find a motor 
of your own through surplus suppliers. 


What Makes a Good Drive Motor? 


There are lots of good drive motors to choose from. Each one has different 
strengths and weaknesses that make it better or worse for a particular appli- 
cation. The trick is to match the motor to your robot. Do you want your 
robot to be methodical and precise? Perhaps you want to fly around the 
arena and use your speed as a weapon. Whatever your strategy, you can 
examine the different motor properties such as RPM, torque, horsepower, 
and weight to decide what’s most important to you. 


DC Motor Basics 


Almost all combat robots use DC (direct current) motors for their drive 
systems. It’s a well-developed locomotion technology, and good parts are 
readily available, and in some cases, quite affordable. 





_ The basic idea is that electrical energy (in the form of a DC voltage) is 
applied to the motor’s power input leads, causing the output shaft to spin. 
The turning force of the output shaft is called torque and is usually mea- 
sured in inch-pounds. The speed at which the motor turns is measured in | 
RPM, or revolutions per minute. Applying a lower voltage will cause the 

_ motor to spin more slowly, and reversing the polarity of the voltage will 
change the direction of the spinning. 





An Illustrat 


While the shaft is spinning, the motor is also drawing current from the battery. Current is the 
flow of electrons, and if your wire is not large enough to handle this flow, or if your battery isn’t 
large enough to supply the amount of current requested by the motor, you will end up starving 
the motor, never reaching full power. 


Appropriate wire size is discussed in Chapter 16, “Wiring the Electrical system," and battery 
eee. | technologies are described in Chapter 15, “Choosing Batteries." 





m1 The parts of a permanent-magnet DC motor are shown in Figure 9.1. 


power input leads 









face 


bearing 
or bushing 





brushes —__ Sg 
output shaft 


Ficure 9.1; Parts of the permanent-magnet DC motor. 


Although this discussion will be focused on permanent-magnet DC motors, brushless motors (by 
manufacturers such as Aveox) are starting to gain some popularity in the combat community, 
and may be a consideration for you. They generally have higher efficiencies than brushed 
| motors, and good power-to-weight ratios. However, you will have to use a special controller and 
the cost will probably be a bit higher than your average brushed DC motor. 





Combat Robot Motor Comparison 


Table 9.1 compares some of the most popular motors used by the top competitors in our sport. 
More detailed descriptions of the different categories follow, along with an explanation of their 
importance in your selection. 
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e| The stall current and torque constant (K,) are other motor characteristics that are useful in esti- 
s, | mating the battery requirements of your robot, as described in Chapter 15. These numbers for 
the motors listed in Table 9.1 are listed separately in Appendix F, “Tables and Charts.” 


‘ 


Voltage 


Every motor has a rated voltage, but most motors can be run higher than their rated voltage 
without damage. The thing that you have to watch out for is the heat buildup in the motor. By 
doubling the voltage, you can actually quadruple the power output, since power is proportional 
to the square of the voltage. Note, however, that your current consumption will also increase 
along with the voltage. Also, higher voltage means more batteries in series, which is more 
weight and expense. 


Stall Torque 


This is the maximum amount of torque that the motor puts out. A stall condition is where the 
shaft is stopped and no longer rotating. 











No-Load RPM 


This is the number of complete rotations the shaft makes per minute with nothing (no load) 
attached to it. It is also called the free-running speed. 


Peak Power 


The first impulse of the robot builder is to compare raw torque ratings and select the one with 
the most muscle. This isn’t a bad technique, but in selecting a drive motor, the true measure of 
a motor’s muscle is power, which takes into account both the torque and speed of the motor. 


If you're dying to know exactly how to calculate power, skip to the end of the chapter to the 
“Discovering Your Own Motor” section. 


Weight 

Weight plays a big part in motor selection for lightweight and middleweight robots. Since they 
have less weight to dedicate towards drive, bigger horsepower motors are usually out of the 
question. Larger robots have more options when it comes to motors because they can dedicate 
more of their weight to the drive system. 


Expense 


In general, good motors cost more. There are higher production costs for tighter precision con- 
struction, better magnets, and quality brush holders. However, there are a few great values to be 
found among the most popular motors, and cost is one of the reasons that might make a motor 


popular in the first place. 
Mounting Options 


Some motors have a convenient faceplate with a known bolthole pattern (see Figure 9.2). Some 
motors have a mounting bracket attached to the motor itself. Some motors are just plain hard 
to mount. This should be taken into account when selecting your drive motor.because of the 
time it may take to make a bracket. Note that some of the more popular motors have custom 
aftermarket brackets. : 


Gearboxes 


Does the motor have a built-in gearbox? A gearbox reduces the output speed of the motor to 
something that could drive a wheel. If a motor has a built-in gearbox (a gearmotor) then in 
most cases, you can simply attach a wheel and youre ready to go. If not, you'll have to buy or 
make your own. There are a few good gear sets emerging. NPC Robotics is currently offering 
complete packages that even include the bearing blocks and wheels. You could also go with 
sprockets and chain, but that might weigh more, and the higher the geardown, the larger the 
sprocket, limiting you to a maximum usable size of 8:1 for most robots. If you need more gear- 
down than that, you'll have to add additional stages. 
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Ficure 9.2: Some different mounting configurations. 


The Top Ten 


The motors listed in Table 9.1 are among the most popular in robot combat. In this section, I'll 
describe in detail the top ten (or so) motors chosen by builders today and some of their 
strengths and weaknesses. 


AstroFlight Cobalt 


If weight savings is your main concern, and price is not too big a factor, then the AstroF light 
motors (see Figure 9.3) are the ticket. Of all the top motors, they pack the most power into the 
smallest packages. With very small diameters, they can fit into ultracompact spaces for a really 
low profile. Since they are so light, they can be used in multiples for high performance. The 
Cobalt 15 and 40 are two-po/e motors, meaning that they have two brushes. The Cobalt 60 and 
90 are four-pole motors, which allows them to carry more current in four brushes with less loss 
due to internal resistance. 


Active cooling is generally recommended for these motors, since their small size leaves them 
little heat-sink area to get rid of all the heat. These motors will require geardown even if they 
are purchased with the optional (expensive) AstroF light gearboxes. 





Ficure 9.3: AstroFlight motors. 


Bosch GPA 


Early on, the Bosch GPA (see Figure 9.4) held the distinction as the motor that everyone had, 
or wanted to have, because of its combination of light weight and horsepower. Although many 
U.S. competitors have moved on, the Bosch GPA is still popular among European competitors 
on the Robot Wars circuit. They do require some modifications to handle large shock loads. 
This motor has a few aftermarket accessories, such as a handy little PC board made by Team 
Delta with capacitors to reduce motor noise that fit inside the case. This motor has a no-load 
speed of 4,100 RPM and will require some geardown. 





Ficure 9.4: Bosch GPA motor. 


See Appendix D, “Online Resources,” for a listing of Web sites that deal with motor modifications. 
al ai 








Briggs & Stratton Etek 


This motor doesn't really belong in a discussion of drive motors, but you can’t mention any 
motors for robotic combat without including the Etek (see Figure 9.5). It is not meant to be a 
drive motor. It is meant to drive the biggest, baddest weapon you can muster. Very few speed 
controls can handle the amount of current it requires to drive this motor, and you would be 
better off using a relay to switch this motor on and off. It’s the most horsepower you can get in 
a relatively compact and lightweight package. 





- Ficure 9.5: Etek motor. 


DeWalt Drill Motor , 


The DeWalt drill motor shown in Figure 9.6 emerged a few years ago as the most widely used 
motor in robot combat. It’s no mystery when you consider the application for which it was 
developed: a cordless drill that was intended to be lightweight and compact, powerful yet effi- 
cient on current, sturdy, geared to a relatively low RPM, and affordable. These are all ideal 
qualities in a combat motor. No other motor can claim to have been used in all weight classes 
of combat robots, from lightweights up to superheavyweights (using many motors per side). 
Looking at the numbers in Table 9.1, you can see that the drill motors have truly outstanding 
power-to-weight ratios. In addition, because of the attached gearbox, the motors could be used 
to drive a wheel directly. 


This is not to say that these motors are ideal right out of the package. They have inherent 
weaknesses, which include a plastic gearbox (which is prone to shattering) and a small shaft 
coupling area (which makes it difficult to connect a shaft to the gearbox). Fortunately, over 
time (just as with the Bosch GPA), builders have developed solutions for these weaknesses, 
which are available online as aftermarket accessories from the suppliers listed in Appendix D. 








Ficure 9.6: DeWalt drill motor. 


Check out the Colson caster wheels for use with drill motors. They have a proven track record as 
1 a good match to these motors. 





EV Warrior 


The next great motor that everyone had to have is the EV Warrior (see Figure 9.7). It even 
sounds like a motor intended for combat. In reality, this little brother to the Bosch GPA was 
used in a failed electric bicycle venture (hence the name EV — electric vehicle). The EV 
Warrior is quite popular among lightweight and middleweight competitors. 





FicureE 9.7: EV Warrior motor. 


Its proliferation stems from the fact that it is one of the cheapest (if not the cheapest) motor 
solutions for a combat robot, while still giving a surprisingly high level of performance in a 
lightweight package. As with many of the other motors, the EV Warrior requires some tweak- 
ing, which includes removing the tabs that short the case to one of the power leads to prevent 
the conducting current and frying your speed controls. Several excellent Web sites document 
the processes required to make this a competition-ready motor. 





See Appendix D for a listing of Web sites that deal with motor modifications. 


In addition, these motors were sold in left/right pairs that were fimed according to their side. 


mer” | Motor timing is the process of adjusting the brush position so that you achieve more horse- 





power in one direction than another. With this in mind, you should seek out these motors in 
pairs, usually designated as a CW (clockwise) motor and a CCW (counterclockwise) motor. 


The pancake design makes for a larger diameter motor, which translates into a taller robot. In 
the past, it was a challenge to mount this motor to the robot’s frame, since it has no usable bolt 
pattern on the face, like most other motors. Nowadays there are lots of custom aftermarket 
aluminum mounts for sale, and some interesting cast urethane ones as well. Geardown will be 
essential to achieve the maximum benefit and prevent overheating. 


Now, here’s the bad news. Like the Jensen motors described later in this section, at press time, 
the EV Warrior is in short supply. Since its only known availability is in the surplus market (no 
new production), supplies were limited to begin with. That supply is dwindling due to the 
meteoric rise in popularity of these motors. Hopefully a new source can be located to continue 
the line. Otherwise, this motor may become extinct. 


MagMotors 


At the top of the food chain is the MagMotor, shown in Figure 9.8. Designed from the ground 
up as a motor specifically for robot combat (with the help of veteran Carlo Bertocchini), this is 
the Rolls-Royce (or more accurately, the Ferrari) of motors. The MagMotors are built for 
maximum strength-to-weight ratio and boast high-energy neodymium magnets for high 
torque in a small and lightweight package, and high efficiency through a large power range. 
These are robust motors with four large brushes and heavy gauge wire. To reduce radio noise, 
the motors even have built-in capacitors. The only drawback is the price. Then again, would 
you expect any less from the finest motor you can buy? 





Ficure 9.8: MagMotor motor. 


Since the motor comes with no mounting system, you'll need to take care of mounting through 
an aftermarket mounting block/heat sink, or by using the bolt hole pattern on the motor’s face. 
Also, to make the best use of this power in a drive system, you'll have to gear it down, since the 


no-load RPM is in the thousands. 





If you're building a lightweight robot with a spinning weapon, the mini MagMotor (S28-150) | 
has the highest horsepower in a single small motor on the market. 





NPC 2212 


The NPC 2212 shown in Figure 9.9 is a good motor choice for lightweight robots, and is gain- 
ing popularity among builders. The right angle drive is handy for mounting and keeping the 
inside of the robot uncluttered. It has dual output shafts, so you use it as a right- or left-side 
motor (hacking off the shaft you don’t use). It has an output speed appropriate for direct drive 
and good torque ratings for a smaller robot. Although it’s not as powerful as a DeWalt motor, 
it’s an all-in-one package, and you could be up and running quickly and with minimal effort, 
which counts for a lot if you’re running behind schedule. 





FIGURE 9.9: NPC 2212 motor. 


NPC R81/R82 


The R81 and R82 motors (see Figure 9.10) are the replacements for the 60522 motor that was 
popular among middleweights and heavyweights. One of the features that made this motor a 
favorite was the built-in right-angle gearbox. This is a great solution for robots that require a 
lot of interior space. In addition, the gearbox has convenient mounting holes and the output 
RPM is great for directly mounting a wheel. At this weight and power level, this motor is 
appropriate for use in a pair on a middleweight robot, or in multiple pairs for larger robots. The 
R81/R82 indicates whether the output shaft comes out of the right or left side of the gearbox. 





Ficure 9.10: R81 and R82 motors. 








i juide to Building Combat Robots __ 


NPC T64 and T74 


Formerly known as the NPC 64038 and NPC 74038, the NPC T64 and T74 motors (see 
Figure 9.11) have made their way into some of the most famous combat robots on the U.S. cir- 
cuit. From middleweights to superheavyweights, these motors are favorites among the builders 
because of their ease of mounting in the robot, ease of connecting a wheel, built-in gearbox, 
and reliability. They have excellent speed and torque characteristics, although it should be 
noted that if you want a lot of speed, this is not the motor to choose. The relatively low RPM 
‘makes this a precise motor for positioning your robot. You can get more speed by using larger 
wheels (10 or 12 inches in diameter), but these make large targets for spinner robots, and 


should be protected. 





Ficure 9.11: T64 and T74 motors. 


Lots of upgrades to these motors are now available, such as custom billet gearboxes, different 
(faster) gear sets, and a variety of wheel-mounting hubs. 


These motors are often used with Carefree Battletreads or NPC Flat-Proof tires. NPC Robotics 
| carries a full line of custom hubs to match their wheels to these motors. 


Sullivan Starter (Jensen Equivalent) 


In recent years, a popular choice among robot builders for performance and price was the 
Jensen starter motor. Many lightweights and even some middleweights used these motors in 
their drive systems. Since then, these motors have become somewhat scarce. (For a while, they 
became a hot commodity and even went up in price.) Fortunately for the robot builder, the 
Sullivan starter motors (see Figure 9.12) are equivalent in size and performance to these 
motors, and the prices are really cheap. 


Since these are starter motors (meant for starting model airplane engines), they are intended to 
produce a Auge amount of torque for a short amount of time (that is, intermittent duty). While 
robot combat might qualify as intermittent, there are times where you will call upon a motor to 
push in a stalled condition. In this situation, a starter motor can quickly overheat and destroy 
itself. This is why active fan cooling and geardown is necessary for these motors. 
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Ficure 9.12: Sullivan starter. 


- Runner-up Choices 


There are other great motors that aren't in quite as widespread use as the top ten, but are good 
choices nonetheless. 


AME D-Pack 


I remember looking at this motor in a surplus catalog some years back and thinking how it was 
amazing that they got all that horsepower into a regular-size package (3-inch diameter x 7 
inches long). The efficiency peaks at 80 percent at 1.5 HP, and surprisingly, it remains above 70 
percent up to 3.5 HP, which is pretty good for a motor in this price range. Note that the AME 
D-Pack (see Figure 9.13) is more suited to running a spinning weapon than drive. — 





Ficure 9.13: AME D-Pack motor. 


NPC Black Max (Scott Motor) 


If horsepower is the goal, then the Black Max shown in Figure 9.14 is one of the biggest. This 
should be considered for heavyweight and superheavyweight robots only, since the price you 
pay for all that horsepower is the weight, which is about 15 pounds. In addition, you'll need big 
batteries and powerful speed controls to handle the amount of current required to drive this 
monster. 


ot: An Illustrat VRE (cl: 





"Note | The true rating of the Black Max (Scott motor) is 1 HP. The reason for this is that the efficiency is 
or | not that good at higher power levels, and at the peak of power (4 HP), the motor is running at 
“4 -Y¥o24 only about 50 percent efficiency, which means that only half of the current going into the motor 
Me, 1 is going towards turning the shaft, and the rest is being burned as heat. What this means for you 
is bigger batteries and speed controls to make up for the extra current you're going to need. 
a 









FiGURE 9.14: Black Max motor. 


NPC 1200 


A good motor can get lost among all the other choices out there, especially when there are 
motors with built-in gearboxes that have equivalent performance. Don't pass up the NPC 1200 
(see Figure 9.15) simply because it doesn’t have a gearbox. It maintains over 70 percent effi- 

ciency up to about 1 HP. With the proper gearing, this could make an excellent drive system. 





Figure 9.15: NPC 1200 motor. 
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The New Breed 


New companies and technologies emerge all the time in this sport. Listed below are some 
newer systems that I haven't seen in battle, but deserve a mention all the same. 


Andrus Engineering 


Andrus Engineering is a relatively new company to the combat robot scene. They have an 
ambitious product line that includes not only motors, but custom molded wheels, robot base 
plates, and pulley systems for drive. Their motors are pretty standard, although the GX4-13 
gearbox (shown in Figure 9.16) was custom designed for combat and has a lot of attention paid 


to the little details. 





Figure 9.16: GX4-13 motor. 


Dustin Motor 


This is a relatively new custom mod for the DeWalt motor, which uses a 24-volt hammerdrill 
motor instead of the old 18-volt motor. The main drawbacks of the DeWalt motors are melted 
brush housings, a bad joint between the gearbox and motor, difficult mounting (no front face 
to bolt onto), and that darn plastic gear in the transmission. All of these issues are addressed by 
the Dustin motor (see Figure 9.17), and the system looks very sturdy. 


Team Whyachi T-Box 


The Team Whyachi T-Box motor and gearbox combo (see Figure 9.18) is based on the Titan 
550, an R/C hobby motor in the 100-150 watt range. This gearbox is strictly for lightweights, 
but provides an ultracompact and weight-efficient package. At only 1.6 pounds (including the 
wheel!) this motor should perform pretty well when used in multiples for all-wheel drive. 





Ficure 9.17: Dustin motor. 





Ficure 9.18: T-Box motor and gearbox combo. 


ThinGap Gearbox 


At press time, this motor and gearbox combo (shown in Figure 9.19) is just being introduced 
to the public by NPC Robotics. The gearbox can be configured on the fly (if you've got the 
gear set) to give a reduction from 11:1 to 37:1. NPC is selling the gearbox and motor combo 
with a midrange reduction (probably 15:1) for about $395, with additional gear sets available at 
around $50 each. : 


The interesting thing is that the motor used with this low-profile gearbox (made by a company 
called ThinGap) employs a unique core design that does not use windings like a conventional 
DC motor. Instead, it is built with copper sheet metal to produce an “ironless core armature.” 
ThinGap claims higher efficiencies with less heat buildup in a compact package. According to 
the specifications, these motors should be equivalent to or better than the AstroF light motors 
in power-to-weight ratio. Time will tell if they become a technology of champions. 





Ficure 9.19: ThinGap gearbox. 


~ What Can Gearing Do for You? 


Not all of the top choices above have an output speed that’s appropriate to connect to a wheel. 
You can add a gear reduction that will help you get the speed right while increasing torque. 


Speed versus Torque 


Off-the-shelf motors usually turn at about 1,000 to 3,000 RPM. This is way too fast to con- 
nect directly to a wheel. Besides, the amount of torque that you have to begin with is pretty 
small. Using a gear reduction, you can trade all that excess RPM for more torque. This has sev- 
eral benefits: It gives your robot more starting power, it lowers your top speed to something 
more manageable (controllable), and it increases your pushing power and maneuverability. 


The price that you pay for these benefits is a more complicated system. The gears have to be 
properly aligned, and there are extra shafts, bearings, and brackets that need to be added. That's 
why the T64 and T74 gearmotors are so popular. The gearbox is built in, so all you have to do 
is bolt on a wheel, and you're ready to go. 


The tradeoff between power and torque is one that you'll always have to make. The only way to 
get around it is to get a motor with more horsepower. As mentioned before, the horsepower 
spec takes into account both the RPM and torque of the motor. 





Smaller motors usually have very low torque, but compensate by turning very fast (around. 
20,000 RPM or more), thus giving them a respectable horsepower rating. They’re counting on 
a gear reduction to make them usable. 


rrp rae re en Sn | a a le eeSEEeee——e——e—eeEeEeEeEe—eEeEeEeeeeeeeeeeeee 





An Illustrated Guide tc 


Skid-steer tank drive systems (usually four-wheel drive) require more torque than two-wheel 
(wheelchair) drive systems. The extra torque is needed for turning, since all four wheels have to 
slide to their sides during a turn. . 





Finding the Right Speed 
The ideal output shaft speed that you connect to a wheel should be around 150 to 450 RPM. 
The popular gearmotors are all in this range, and wheel choices (discussed later in this chapter 
and in Chapter 12, “Let’s Get Rolling!”) can be used to tweak your speed up or down. 


Gear Ratio Basics 


Here’s the quick and dirty version of how gears work. an 9.20 shows a simplified gear 
system. 





first set: second set: 

gear #1 has 26 teeth gear #1 has 10 teeth 
gear #2 has 26 teeth gear #2 has 54 teeth 
1:1 ratio 5.4:1 reduction - 


Ficure 9,20: Simplified gear system examples. 


First, assume a few things: 


m The gears have teeth, and the number of teeth is proportional to the size of the gear. A 
_ gear with a lot of teeth will tend to be very large. 


m The gears are kept in contact so that their teeth always mesh together. If this is true, 
then gear #2 will always turn when gear #1 is turned. 


In the first set, both gears are the same size. When gear #1 turns, gear #2 also turns with the 
same speed and torque. That’s easy enough to understand. Now, take a look at the next case, 
where gear #1 is made much smaller, and gear #2 is made much larger. In this situation (called 
a gear reduction), gear #1 turns with torque T1 and speed $1. Gear #2 turns with a speed $2 

_ that's much slower than $1. Because of its size, gear #2 takes longer to complete a full revolu- 
tion than gear #1. The difference in size between gear #1 and gear #2 forms a gear ratio, which 
you can use to calculate difference in speed. Because gear #1 has fewer teeth than gear #2, the 
speed S2 will be slower than S1. 
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_ Gearl#teeth 
$2 = Gear2#teeth * Sl 
As I mentioned before, speed and torque are a tradeoff, and the torque of gear #2 will increase 
based on the gear ratio. Because gear #2 has more teeth than gear #1, the torque [2 will be 
larger than T1. 


_ Gearditteeth 
12 Gearttteeth <14 = 
That’s about it. If gear #1 has 10 teeth, and gear #2 has 50 teeth, then you can say that this will 
give you a 5:1 reduction in speed. 


Unfortunately, making your own gearboxes is not recommended if you don't have access to a 
vertical mill. To work properly, gears require tighter tolerances than you can achieve with a drill 
press and bandsaw. Fortunately, you can buy a complete kit from NPC or use a roller chain and 


\) sprockets, as described in Chapter 11, “Working with Roller Chain and Sprockets.” 


Adding Stages , 

If you need a big ratio, one approach would be to have a very small gear and a very large gear. 
This is not always practical and you could end up with a ridiculously large gear that might not 
fit inside your frame. Instead, you can split the ratio into multiple smaller stages. Each stage is a 
complete gear reduction, and you can connect the output of the first stage to the input of the 
second, multiplying the two ratios. For example, if you need a 24:1 reduction, you can have a 
6:1 stage and a 4:1 stage connected together. They can be connected by having the output gear 
of the first stage share the same shaft as the input gear of the second stage. 


Mixing Types 

You don't necessarily need gears to achieve a gear ratio. You can use a roller chain and sprock- 
ets, V-belts and sheaves, or timing belts and pulleys. You can also mix types in different stages. 
For example, you could use a small gearbox as your first stage, and then use sprockets and a 
chain to get power from the gearboxes to the wheels in a second stage. 


Wheel Diameter 


The last part of the equation for the drive system is wheel size. In effect, this is also a way to 
gear your motor up or down. 


You can get more speed by using larger wheels. For every revolution of the output shaft, a 
larger diameter wheel will cover more ground. This puts a greater load on the motor, so you 
should be sure that your shafts and bearings are up to the test. For example, the 164 and T74 
series gearmotors by NPC have become popular with large, 10-to 12-inch, tires. With an out- 
put speed of 230 RPM and a 10-inch tire, your robot will have a maximum speed of about 10 
feet per second, which is about average in the arena. Incidentally, thanks to the large torque on 
these gearmotors, this combination handles very precisely as well. As I mentioned before, you 
should be careful to protect your wheels, since they will be large targets sitting out there for 
spinners to attack. 
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Conversely, you can lower your speed (and get more torque) by switching to smaller wheels. To 
illustrate this, consider the 18 V DeWalt gearmotor in low gear running at 24 V. This motor 
should have an output speed of about 650 RPM. These have become popular with the 3-and 
4-inch Colson caster wheels. With a 4-inch wheel, your top speed in the arena should be an 
above average 11.3 feet per second. 


Why not go all the way? Well, there is a limit. For example, you would never want to put a 
10-inch wheel on a DeWalt drill motor. While the motor would probably be able to move the 
robot, the back force on the motor would probably destroy it on impact. 


Look at it from the other side. In an impact, the wheel transmits a back force to the rest of the 
drive system. As shown in Figure 9.21, the larger the wheel’s diameter, the larger the back 
force. In this situation, the wheel is trying to turn the motor, and a large wheel may be able to 
damage your drive system. 







smaller wheel, 
smaller back force 
on motor 





larger wheel, 
larger back force 
on motor 


Ficure 9.21: Back force on a motor by a wheel during impact. 


Many different wheel choices and sizes will be discussed in Chapter 12. 
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Discovering Your Own Motor 


At this time in robot combat, many people have put a lot of time and effort into finding and 
developing good motors for drives and weapons. Although many of these motors are very 
expensive, all have been battle-proven, which counts for quite a bit when it comes to your 
selection. While my personal feeling is that your time would be better spent researching your 
weapons system, maybe you're dying to try out a surplus motor that you found in a catalog to 
see if it might be appropriate for combat. The best combat motors have come from many dif- 
ferent sources, including cordless drills, starter motors, truck radiator fan motors, and 
wheelchair motors. Who knows? You might discover the next “hot” motor. In this section, 





you'll see some of the important features to consider in evaluating the battle-worthiness of 
your motor candidate. 


Look at the Power 


As I mentioned before, the true measure of a motor’s muscle is the horsepower. Listed below 
are a few ways to look at the horsepower, including examining the motor’s characteristic curve 
and extrapolating from the motor’s specifications. 


Check the Curves 


The best way to evaluate a motor is to check out the motor characteristic curves. As in 

Figure 9.22, the X-axis should be torque. Horsepower, efficiency, RPM, and motor current 
should all be represented on the same graph. The peak horsepower is the top of the hump on 
the horsepower curve, and current and efficiency should be noted at this point. Also pay atten- 
tion to the efficiency over the whole torque range, which will tell you how much of the torque 
range is actually usable. 


Motor Characteristic Curves 
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FiGure 9.22: Example characteristic motor curve. 


The sample motor in Figure 9.22 has a lot of power, with a peak HP of 3.6. However, the effi- 
ciency curve peaks sharply at 1 HP and then tapers off to 50 percent at peak horsepower. This 
is not a bad motor, but you'll need really big batteries and speed controls to take advantage of - 
the power. If the motor were more efficient, you could get away with smaller batteries (less 
weight) and smaller speed controls (less money). 


Do the Math 


If you don’t have access to the motor curves, then you can still evaluate many of the motor’s 
characteristics based on a few of the specifications. First, you'll need the free-running (no load) 
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speed in RPM. As mentioned previously, this is the speed the motor shaft turns when nothing 
is connected to it. Next, you'll need the stall torque in inch-pounds. (You can convert from 
other units using the tables in Appendix F.) Given these two items, you can calculate the peak 
power in watts according to the following formula: 


Stall Torque x No Load Speed 
338.4 


Where peak power is in watts, stall torque is in inch-pounds, and no load speed is in RPM. 


Peak Power= 


Converting peak power in watts to peak horsepower: 


_ Peak Power 
Peak HP= 7 


Note that the above equations use the extremes of s¢a// torque and no-/oad RPM to figure out 
peak power. In fact, what you're doing is calculating the power at half of the maximum (stall) 
torque and half of the maximum (no load) speed. Below is the equation for instantaneous 
power, which you can use for any point where the torque and RPM are known values: 


_ Torque x Speed 
Power= ee 


Where power is in watts, torque is in inch-pounds, and speed is in RPM. 
Converting instantaneous power in watts to horsepower: 

Power 
HP= 

745 

Sometimes you will get a dynamometer performance chart. A dynamometer is a device that 
measures the motor’s torque output, current consumed, and RPM. These readings can be used 
to calculate the efficiency at a few points by comparing the mechanical power out (instanta- 
neous power) to the electrical power in, as shown in the following equations: 
Torque x Speed 

84.6 
Where power is in watts, torque is in inch-pounds, and speed is in RPM. 


Power Out= 


Power In= Volts x Amps 


Where power in is in watts, volts is the voltage that the motor was run at, and amps is the 
current that was drawn by the motor at that torque. 


Power Out 
a ee 
Efficiency Woouer Ta 100 | 
Where efficiency is in percent, power out and power in are in watts. 


I've focused on the equations for power in watts because not all countries use the term horse- 
power. If you're more comfortable working in horsepower, then you can easily convert back and 
forth as shown above by multiplying or dividing by 745. 


Timing 
Since the drive motors in a combat robot will be subject to constant reversals as you steer and 


maneuver around the arena, brush timing becomes an important evaluation factor. Motors that 
are timed in a specific direction will turn faster and have more torque in that direction. When 
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they are run in the opposite direction, they will have less torque and run at a slower speed. 
Usually, a robot will have one motor powering one side, and a similar motor powering the 
other. The trick is that the motor on one of the sides will have to turn backwards for the robot 
to drive forward, as shown in Figure 9.23. If these motors aren't turning with the same speed, 
the robot will tend to drift off course. What you want is neutral timing, which is what most of 
the popular motors have. Or, if you can get a motor timed in each direction (as in the case of 


the EV Warrior), then this will counteract the drifting. 


to move the robot forward: 


if this motor then this motor 
turns in forward turns in reverse 
(positive polarity) (negative polarity) 





FiGuRE 9.23: Motor rotation while driving forward. 


Weight 


As with any part that you consider for your robot, weight should be something you pay atten- ’ 
tion to. Sure, the motor may have an incredible amount of torque, but if it weighs half the limit 
of your desired weight class, then you might have to rethink your choice. Bear in mind that 


even the motors used by 340-pound superheavyweight robots are usually no more than 15 to 
20 pounds. 


Voltage 


You may discover a motor with excellent power and efficiency, but find out that it runs on 100 
volts DC. This may be a drawback because some competitions limit the maximum DC voltage 
for safety. Also, you will need more batteries in series to get a voltage that high, which means 
more weight and expense. Finally, most speed controls won't run that high, so you'll be limiting 


your selection of off-the-shelf controls. Moreover, you're better off finding a motor that has a 
12 to 24 V DC nominal rating. 


Construction 


In your search for a motor, you should take a look at how the motor is constructed. Are the 
brushes securely mounted? For example, if not properly cooled, some drill motors have plastic 
brush housings that will begin to melt and deform, leading to failure. 
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Does the motor shaft have ball bearings or bushings? Higher-quality motors have ball bearings 
that reduce the turning friction on the shaft, and allow them to be more efficient and run 
cooler. Cheaper motors use bushings to do the same job. 


Price 


The final part of the equation is price. In fact, this may be the reason that you're considering 
using an unproven motor in the first place. Although some motors may look like good deals in 
the surplus catalogs, make sure that the time and effort of testing and proving the motor will 
be worth the monetary savings. 


Testing 


Remember that by choosing your own motor instead of a battle-proven favorite, you will be 
ultimately responsible for its performance in the arena. As mentioned above, most motors that 
have become favorites also require extensive modifications to make them ready for battle. 
Without that previous experience, you will have to allow extra time to put your new, unknown 
motors through their paces. Only through testing and beating them up will you be able to 
identify any weaknesses that they may possess and be able to fix them in time for competition. 
You should also be prepared to scrap a motor if it looks like it’s going to fail in combat. 


Wrapping Up 


This chapter has presented a lot of information about motors and their various characteristics. 
This is an important choice for the builder, because it will help determine what your robot’s 
personality will be like in the arena. Will it be fast and zippy, running all around the arena, or 
will it be methodical and precise? That’s part of the fun of the process — weighing the advan- 
tages and drawbacks and then making choices for your design. 


Mechanical 
Building Blocks 


echanical building blocks are basic parts that are used in just 

about every robot out there. Each of these “blocks” is a mechani- 

cal component that has a specific useful function or conveniently 
solves a mechanical problem, such as a bearing that reduces friction, or a 
shaft collar that prevents sliding. In this chapter, I introduce each one and 
give some details, such as bearing mounting options, axle types, and materi- 
als. You'll then be able to apply this information to “Project 4: Assembling 
the Parts.” 


Bearings 


Without bearings, combat robots would waste a lot of power just trying to 
turn.their wheels or weapons. A ball bearing is a mechanical item that 
reduces rotational friction by using a circular array of tiny balls that roll 
inside of a pair of rings. By lowering the friction, a ball bearing allows a 
shaft to turn more easily, which improves efficiency and reduces the amount 

_ of power wasted. 


All bearings have a dore size. The bore is the diameter of the hole in the 
middle. ‘The bore size can be specified in inches or millimeters and should 
be matched to the shaft that you intend to use. 


If the shaft won't fit through the bearing’s hole, it's probably not 
the bearing's fault. The bore sizes are held to very close toler- 
ances, and it's more likely that your shaft is slightly oversize, or 
that the end that you're trying to push through the bearing has a 
little burr (bit of metal) on it, which you may be able to feel by 
hand. It doesn't take much to interfere with the fit because the 
tolerances are relatively tight. You'll have to sand or file down 
the end. You can tighten the shaft in a power drill or drill press 
and use sandpaper to reduce the diameter of the shaft. | also put - 
a small 45-degree angle (called a chamfer) all around the edge of 
the shaft with a disc or belt sander, and then smooth out the 
shaft surface with a fine flat file. Never force a bearing onto a 
shaft by pounding it. 








Bearings can be open, shielded, or sealed. Open bearings have the balls exposed, while shielded 
bearings have metal covers. Sealed bearings have a liquid-tight neoprene seal. For combat 
robots, I suggest using shielded bearings. They don’t weigh much more than open bearings, and 
you never know what bits of metal or plastic may find their way into your robot. 


Unless the gearboxes are specifically designed to be direct drive (as is the case with the NPC 
gearmotors listed in Chapter 9, “Selecting Drive Motors”), the motor’s output axle should not 
be used to support the robot. Instead, the motor should drive an axle supported by two bear- 
ings. The axle then connects to the wheel and supports the robot. The motor itself should not 
support any of the load, and should provide turning force (torque) only. Bearings should be 
used in pairs to support an axle, since a single bearing will allow the shaft to wobble, while 
using three or more will probably cause the shaft to bind from misalignment. 


Bearing Mounting Options 


There are a dozen or so different ways to mount ball bearings. Listed below are the most popu- 
lar types that are used in combat robots. 


Standard Ball Bearings (Radial Bearings) 


When mounting standard bearings, you need a press-fit hole (see sidebar). It’s also recom- 
mended that you capture the bearings. This means that you should have a step at the bottom of 
the hole to prevent the bearing from being pushed out of the other side. You can capture the 
bearing on both sides with a step on one side and a cover plate (that you manufacture) on the 
other, or a plain hole with a cover plate on each side. Usually, however, bearings are used in 
pairs to support a shaft, and in this case it’s not necessary to capture the bearings on both sides 
as long as the steps are facing each other, as shown in Figure 10.1. 


standard 


aft bearings 


axle 





standard | stepped holes 
ball bearing 


Figure 10.1: Standard ball bearing and mounting example. 





Chapter 10 — Mechanical Building Blocks 


Flanged Ball Bearings 

Flanged ball bearings are just like standard ball bearings, except that they have a little lip on 
one edge, as shown in Figure 10.2. This lip helps with capturing the bearing, since it prevents 
the bearing from being pushed through a plain hole. They're also easier to implement because 
you don’t need to make a stepped hole. These bearings are usually mounted with the flanges 
facing each other. | 


flanged 
bearings 






flanged 
ball bearing 


Figure 10,2: Flanged ball bearing and mounting example. 





plain holes 


Team Delta carries an excellent line of premade aluminum bearing blocks, which are convenient 
and lightweight. You won't need to make any press-fit holes for the bearings. They're already 
mounted. 


Mounted Bearings and Pillow Blocks 


Mounted bearings are more convenient for the robot builder who doesn’t have access to a verti- 
cal mill to make custom press-fit holes. They are often self-aligning, which can help compen- 
sate for mounting holes drilled in the wrong place or frames tweaked in battle. Also, you don’t 
have to worry about capturing the bearings. They come in square- or oval-mount, as shown in 
Figure 10.3. Although they're more convenient, mounted bearings can be fairly heavy since the 
mounts may be made of cast iron or steel and are much more expensive than plain or flanged 
bearings. 


Pillow blocks are another type of mounted bearing shown in Figure 10.3. While the square- 
and oval-mounted bearings are more suited for shafts that are perpendicular to the mounting 
plane, pillow blocks are meant for shafts that are parallel, such as drive axles. Cast aluminum 
rather than cast iron pillow blocks are recommended because of weight considerations. 
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oval-mounted Square-mounted pillow block 
bearing bearing 


; Figure 10.3: Mounted bearings and pillow block. 


Unlike the radial bearings in all of the examples above, linear bearings are meant to slide along 
the length of a shaft. These have limited use in a combat situation. | 
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The main job of the axle is to support the weight of the robot through the wheels without 
bending. The axles give the wheels a center revolution point, and in some cases, transmit power 
from sprockets or gears to the drive wheels. In this section, you'll find out some important 
design considerations for axles, such as axle type, materials, mounting situations, and diameter. 


Technically, in strict mechanical engineering terms, an axle dbecnut rotate, while a shaft rotates 
and transmits power. However, since robot building absorbs parts and technology from so many 
places, it’s much easier to use the terms axle and shaft interchangeably. 


Live Axle versus Fixed Axle 


This refers to whether or not the axle turns along with the wheel. In some cases, the axle is 
mechanically connected to the wheel and spins along with it. This is called a /ive axle. In other 
cases, the axle is firmly attached to the frame, and the wheel just spins around it. This is called 
a fixed axle. "The choice of which type of axle to use is up to the builder. To help you decide, the 
advantages and drawbacks of each type are listed. 


The live axle is most popular among builders because most power transmission components 
such as gears and sprockets (see Chapter 11, “Working with Roller Chain and Sprockets”) as 
well as hub and wheel solutions (see Chapter 12, “Let’s Get Rolling”) are set up for use with a 
live axle, which gives you a wide selection of choices. They have keyways (see the sidebar “Keys 
and Keyways”) that allow them to lock to the shaft, giving you a very strong mechanical con- 
nection. These components turn the axle, and the axle turns the wheel. You must make sure 
that the bearings that support the shaft are lined up properly, or the system will bind, causing 
an increase in friction, which will waste power and slow you down. 


Although most of the solutions on the market are focused on live-axle applications, fixed axles 
have their own benefits (as well as weaknesses). With a fixed axle, you won't have to worry 
about precisely lining up bearings. In this type of system, the bearings are built into the wheels 
(which will affect your wheel choices; see Chapter 12). In addition, you don’t use any keys, and 
you don’t have to cut keyways in any components, which will also allow you to use hollow steel 
shafts to save weight. I recommend alloy 4130 Chromoly steel, as described in Chapter 4, 
“Selecting Materials,” for the maximum strength-to-weight ratio. 


Almost invariably, fixed-axle systems use chain and sprockets to get power to the wheels. This 
means that you need to mount your sprockets directly to the wheel, instead of coupling them to 
the shaft, as in the live-axle case. Since most sprockets aren’t configured for this, you need to 
drill your own bolt holes in both the wheels and sprockets and bolt them together. (This may 
be a little tricky to get perfectly on center. If you miss, it may cause the chain to alternately go 
tight and slack as the off-center sprocket rotates.) Fortunately for the builder, this system is 
popular among go-karts, and Chapter 12 lists some manufacturers that have predrilled sprock- 
ets that you can mount to their wheel rims. 
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For basic shaft material, you can use general-purpose chrome-plated 1045 steel shafts, or 
precision-ground drill rod. The important thing is that the positive tolerance (the amount 
that the shaft might be larger than specified) should be less than +0.001 or the shaft won't 
easily slide into the bearings, and you'll have to (painfully) file or sand it down. 


| | ~  Live-Axle Materials 
| 


By far, some of the best parts that have become available since this sport began are prekeyed 
shafts. McMaster-Carr and Team Delta both carry prekeyed shafts made out of 1045 steel. 
This is the stuff that you want. You'll have to use a hacksaw or reciprocating saw (with a steel 
cutting blade) to cut the shaft to the length you need, but the keyway is already cut into the 
shaft at the correct depth, making it easy to mount a gear, sprocket, or wheel. 
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Don't make the mistake of ordering prehardened precision ground shafts from McMaster-Carr. It 
ee ‘7774 may sound like a good idea, but you'll find out that if you try to cut these shafts, almost every 
31 tool will go dull. Instead, you should buy the general-purpose shafts and then have them profes- 
| sionally hardened after you machine them. 
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Usually, live axles are solid, because keyways need to be cut into the axle to accommodate 
mounting sprockets and wheel hubs. Also, the ends may be tapped for a safety screw to make 
sure that the wheel stays on the shaft. Builders who have access to a lathe can put grooves into 
the axles to accept retaining rings (described later in this chapter) to keep the sprockets and 
wheel from moving along the shaft. 


Bending Force and Mounting Situations 


Some robots have the drive wheels protected, while others have them exposed. Exposed drive 
wheels offer the benefit of being able to get away from a lifter because you are less likely to be 
propped up on the edge of your frame, since the wheels are exposed at the outermost edges. 
However, fully exposed drive wheels place specific needs on your axles that protected wheels do 
not. Mainly, they are large targets for arena hazards and spinning weapons. This means that 
your axles should be made thicker to accommodate the extra abuse that you're expecting them 
to endure. Technically, an exposed drive wheel is an overhung load. It’s only supported on one 
side (overhanging the side of the robot). This type of mounting allows the wheel to act as a 
long lever with mechanical advantage to deflect (bend) the axle. 


When the axle is mounted on both sides of the wheel with bearings, then it is double- 
supported and the overhung load situation no longer exists. In this case, the wheel does not 
have the same mechanical advantage as in the overhung case, and is less likely to deflect. This 
allows you to use a smaller diameter axle, which means less weight. 


Axle Size 


The thickness of your axle should be scaled to the weight of the robot. Also, if you have 
overhung shafts (as mentioned above), you may want to move up to a slightly thicker axle. 
Table 10.1 lists some guidelines for minimum recommended axles sizes by weight. 










Table 10. 1 ‘Axle Size 






0-60 Ibs . 
60-120 Ibs bet 
120-220 lbs 

220-340lbs 







Casters 


Casters solve the problem of providing an extra contact point with the ground (for stability) 
without dragging something along that would slow you down. They come in a few different 


varieties. 


Swivel Casters 


The swivel caster consists of a free-turning wheel on a bracket that can swivel around in any 
direction like an office chair, as illustrated in Figure 10.8. This provides a low friction contact 
point that is omni-directional. This is a valuable component in a drive system that must be able 
to swing the robot around and maneuver all over the arena. 
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fixed caster swivel caster 


Ficure 10.8: Fixed and swivel casters.. 


Fixed Casters 


A fixed caster has a free-turning wheel similar to a swivel caster, but the bracket does not 
swivel, as shown in Figure 10.8. It is fixed in one direction. Although it may not seem as useful 
as a swivel caster, the fixed caster can be used to help correct drive problems, as detailed in 
Chapter 19, “Troubleshooting.” Since it does not swivel, the fixed caster provides resistance to 
turning that will help some robots drive straighter inside the arena. 


Ball Transfers 


Many robots have size and space restrictions, or very low ground clearance. In these situations, 
a ball transfer does the job of a swivel caster, but in a much smaller package. However, one of 
the big things that you have to worry about is getting dirt and grit inside. Foreign substances 
will reduce the rolling effectiveness of the ball transfer and eventually lead to failure. In com- 
bat, the arena is usually littered with bits of metal and plastic, so ball transfers should be 
checked often and changed when they accumulate too much drag. They can also get dented 
and deformed, which can cause them to seize up. Fortunately, they're relatively inexpensive, so 
changing out isn’t a financial burden. 


Ball transfers come in a few different styles, but the two most popular are flange-mount and 
stud-mount, as shown in Figure 10.9. 


Ball casters make for an extremely loud robot, because they tend to rattle. Just something to 
keep in mind when you're test-driving your robot around the neighborhood. 





flange-mount 


stud-mount 
_ Figure 10.9: Flange-mount and stud-mount ball transfers. 


Hose Clamps 


Hose clamps consist of a steel band perforated with diagonal slots, as shown in Figure 10.10. 
The slots are used to tighten the band by means of a worm screw attached to the end of the 
band. They solve the problem of firmly mounting a cylindrical object. They come in many dif- 
ferent band lengths, and the excess length can be trimmed off with a rotary tool and a cutoff 
wheel, or by repeatedly bending them back and forth until metal fatigue causes them to snap. 
In both cases, you should clean up the sharp edge left behind with a deburring wheel. 





Ficure 10.10: Basic hose clamp. 


Hose clamps are more robust than you might imagine, and several competitors in the past have 
used hose clamps to mount air tanks, batteries, and even motors. Although you could simply 





drill two holes in the base and slip the band through them for mounting, it’s best to make a 
bracket that cradles the cylindrical object and allows you to tighten the hose clamp around it 
for a solid connection. 


Shaft Collars 


Shaft collars are more or less a staple of this sport. They are rings that slide over a shaft that 
can be tightened down to prevent horizontal movement along a shaft. They come in a variety 
of bores and styles. The bore is the size of the shaft that it’s designed to clamp around. The 
most common shaft collar styles (shown in Figure 10.11) are single piece collars with setscrews, 
one-piece clamp-on collars, and two-piece clamp-on collars. The two-piece collars are the most 
useful, since they do not require you to slip them over the end of the shaft. Instead, they can be 
split and clamped anywhere on a shaft that’s already installed. 





@ 
single piece one-piece 
with setscrew clamp-on two-piece 


clamp-on 


Figure 10.11: Typical shaft collars. 


Shaft collars are typically used to hold the horizontal position of a sprocket or wheel on a shaft, 
as shown in Figure 10.12. 


sprocket 





shaft collars 


Ficure 10.12: Shaft collar application example. 





Chapter 10 


Retaining Rings (Clips) 


Retaining rings are a much lighter and significantly smaller alternative to shaft collars. When 
used with the correct size groove, they can be as strong as or stronger than a shaft collar. The 
difficulty for the average robot builder is that they're more time-consuming to use, and you 
need access to a lathe to make a special groove in the shaft. This groove has specific tolerances 
that must be met to get the best performance. 
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There are three types of retaining rings shown in Figure 10.13. For the purposes of combat 
robots, I'll focus on external retaining rings and E-clips. 


external internal E-clip 
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FicurE 10.13: External, internal, and E-type retaining rings. 
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’ External Retaining Rings 


External retaining rings need a special pair of pliers for installation and removal, called retain- 
ing ring pliers. The pliers have little pins on the end to match the holes in the tips of the clip. 
They spread the ring a little so that it can be slipped over the end of a shaft and slid into place. 
When the ring is in the correct position on the shaft, the pliers are released and the clip snaps 
into the groove. (Retaining rings are also called snap rings for this reason.) Removal is per- 
formed by reversing the order of the steps described above. Sounds pretty easy, right? Wrong. 
These are very difficult to work with, especially in tight places. If you do have the inclination to 
use these clips, you should purchase a set of retaining ring pliers with removable tips, so you 
can insert straight tips, 45-degree tips, and 90-degree tips. You'll need them, along with some 
patience. The only reason that I endure the frustration is that they are one of the strongest ways 
to keep something from sliding sideways on a shaft, and will withstand a significant amount of 
side force. (My robot Deadblow has fully exposed wheels, which means that the snap rings sus- 
tain a lot more punishment than with other drive-wheel configurations.) 





E-Type Retaining Rings (E-Clips) 


A far easier, but not as robust solution is the E-clip. E-clips are easier to work with because they 
can be snapped onto the shaft directly from the side. They don’t have to be stretched and slipped 
over the end of the shaft and slid into place. You don’t need any special tools for installation or 

~ removal. A pair of needle nose pliers can be used to snap them in place, and they can be pried off 
the shaft with a small flathead screwdriver. The price you pay for this convenience is that E-clips 
are not as positive a locking device as external rings. It’s possible that when it encounters a high 

_ shock load from the side, an E-clip can pop off, causing all sorts of havoc with your drive system. 
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Shaft Couplers 


Shaft couplers are used to connect two inline shafts and transfer turning force between them. 
They also help compensate for minor misalignments. Although rigid couplers definitely have 
their applications, for combat purposes, I'll focus on the flexible spider coupler. 


In addition to the above benefits, a flexible spider coupler can also help absorb impacts in sys- 
tems that are subject to high shock loads. This type of coupler consists of two halves that are 
made out of steel or aluminum. Each halfis keyed so that it can be locked into place on the 
shaft, and you have a choice of many different bore sizes. The two halves sandwich a spider, 
which is a multispoked insert made out of a flexible material, as shown in Figure 10.14. The 
spider is what forms the connection between the two halves, and also absorbs the shocks. The 
thing to keep in mind is that the two shafts that you're going to join must be very close to (if 
not exactly) inline. The shafts should also be independently held in place by shaft collars or 
retaining rings, since the spider is only sandwiched by the coupler halves, and does not fasten 
them together. 





coupler half flexible spider coupler half 


Figure 10.14: Flexible spider coupler. 


Universal Joints 


The universal joint solves the problem of “severe misalignment,” which means having a drive 
shaft (such as a motor shaft) not inline, or even parallel with a shaft that you want to transmit 
power to. Due to a unique design, the universal joint flexes while it transmits rotational energy 
at an angle. As illustrated in Figure 10.15, one U-joint can help with angular misalignments, 
but you will need two joints to correct for parallel misalignment. 


Unfortunately, the universal joint has some major disadvantages to be aware of. First, the power 
transfer is pretty inefficient. Power is lost in trying to turn the U-joint, and the loss increases as 
the two shafts are moved away from being parallel (that is, the U-joint is flexed more). Also, it’s 
not as robust a solution as you might think, since the U sections tend to be relatively thin. You 
should avoid using this type of linkage in favor of gears or chain, if you can. 


vas 








single universal joint 





double universal joint 


Figure 10.15: Single and double universal joints. 


Other Common Blocks 


This section will briefly mention some other common mechanical items that most people 


already know about. 


Hinges 


Hinges allow for a pivoting motion, just like on a door. In combat robots, the most common 
type of hinge used is the piano hinge. These are smaller and much longer than door hinges and 
are useful in making flaps that hang down to the floor. They are usually made of steel or brass, 
although some competitors have used aluminum versions. My advice is unless you're really 
dying for weight, use the steel hinges. 


Springs 


Three major types of springs are used in combat robots: extension, compression, and torsion 
springs. Extension springs pull back when they are extended. Compression springs push back 
when they are compressed. Torsion springs try to hold a specific angle, and depending on their 
winding, push back when they are curled or uncurled. 


Torsion springs require a core or shaft that passes through the center and supports the spring as 
| it flexes. 


| Project 4: Assembling the Parts 


So far, you've cut out all the armor plates and drilled all the holes for your project robot 
(Chapters 6 and 7, Projects 2 and 3). And now that you have a basic understanding of fasten- 
ers, drive motors, and mechanical blocks building, you're almost ready to bolt everything 
together. In this project, you will prepare the polycarbonate plates, axles, motors, and other 
drive system components for assembly and fasten them to the base. You'll get practice in 
preparing Lexan (no sharp edges, as mentioned in Chapter 4), as well as your first taste of sol- 
dering with the motor leads, and cutting steel for the axles. 
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Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal,” 


1 as well as the sections that correspond to the specific tools used below. 


Deburring the Side Plates 


One of the rules for working with polycarbonate is no sharp edges. Sharp edges that are the 
result of cutting and drilling operations can occur on every side and hole (including tapped 
holes). These are the first places to fail by cracking under extreme loads. You can relieve these 
by chamfering them, which puts a slight angle on the edge. Holes are chamfered with a coun- 
tersink, while the edges of the part can be done with a deburring tool. 


1. Clamp the part to the table so that the piece does not move while you use the deburring 
tool. 


2. Start close to one end and draw the tool along the edge in a nice, even stroke. Keep the 
angle of the tool low so you don't scratch the polycarbonate with the ball end. 


— 


Continue all the way down the length, keeping constant pressure towards the center of 
the plate, and past the corner in one smooth stroke. You should see some plastic curling 
up into a little spiral, as shown in Figure 10.16. You can run the deburring tool along the 
edge a couple of times if you want, but you don’t need to take a huge amount off. All 
youre doing is getting rid of the sharp edge. 





FIGURE 10.16: Deburring the wane of the nr 
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4, Next, you'll flip the plate around and take care of the remaining part (the very tip) that 


you didn’t get at the start of the first pass. 


5. Repeat this process for all edges of the plate. Also, you should use the deburring tool to 


take care of the large diameter axle holes. 


6. Don't forget the corners. It will be difficult to use the deburring tool, so use a flat file and 


swing your arm up in an arc as you push the file forward, so that you can round over the 
edge. Remember to only file in the forward direction, since that’s where the file’s cutting 
edges are pointing. 


Installing the Side Panels 


Assembling the side panels requires one more step, where you will have to mark a hole location 
using an existing hole, which is more convenient in some cases, and necessary if you don’t hap- 
_pen to know all of the hole locations in advance. You'll put the panels together, mark the holes, 
and then pull them apart to do the actual drilling and tapping. 


1. 


Install the side panels on the base with 1/4-20 x 3/4-inch long button-head cap screws. 
As with any assembly operation, try to get all of the screws started before tightening any 
of them down all the way. Do not use Loctite threadlocker on the polycarbonate. 
Polycarbonate and anaerobic threadlockers are incompatible. 


Some of the screws may not go in. That's okay. Mark the holes on the base that miss. 
You'll need to use one of the techniques described in Chapter 8," Fasteners— Holding It 
All Together,” to open up the holes. 


. Once all of the screws are installed in the side panels, drill through the 1/4-inch holes in 


the front and rear panels to mark the hole positions. You're not drilling a new hole, just 
making a small divot to mark the hole center, like a center punch mark. 


3. Remove the front and rear panels so you can drill and tap the remaining holes. 


. Make a block to help you line up the drill bit correctly. You can rough-cut a piece of 


scrap. All that’s important is that the holes are straight. 


. Use the drill press to drill both a #7 hole for the tap drill, and a 1/4-inch hole for the tap 


itself. 


. Set the depth of the tap drill using a shaft collar, a piece of tape, or one of the other tech- 


niques described in Chapter 7, “Drilling and Tapping Holes.” It’s important to hold your 
block in place while you set the depth, or the hole will be too shallow by the thickness of 
the block. 


. Hold the block in place as shown in Figure 10.17 and drill until you bottom out on the 


shaft collar or other method of depth setting. Make sure to use water or WD-40 to keep 
the plastic cool while you drill. 
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FIGURE 10.1 7 Using the block to drill straight holes. 
8. Use the 1/4~inch hole on the block to guide the tap into the hole straight. Again, make 
sure to use lubricant. 


9. Chamfer the tapped holes with a countersink in a cordless drill. 


10. Reinstall the front and rear polycarbonate panels. Use 1/4-20 x 1-inch long button-head 
cap screws on the new holes. Optionally, you can install 1/4-20 x 1-inch long socket- 
head cap screws on the upper holes only, leaving the button-head cap screws in the lower 
holes, which will prevent the robot from balancing on the front or rear panels, and make 
it fall back down onto its wheels, instead of becoming incapacitated. 


Soldering Leads onto the Motors 


The motors are supplied without leads, so you will have to either solder a lead directly to the 
motor terminal or use a crimp connector. Soldering is described in detail to give you some 
experience with that procedure. However, you may optionally use flag crimp terminals to make 
your motor connections, which is described in greater detail on the Kickin’ Bot Web site at 
www. kickinbot.com. 
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Caution | Adequate ventilation is essential. Make sure not to inhale the solder fumes. Never blow on any 
E i solder joint to speed cooling. Allow the joint to cool on its own or you'll get a cold solder joint 
(bad bond), which may lead to intermittent failure. Good solder joints are bright, smooth, and 
shiny. 





1. Cut off a 4-inch long pair of red and black leads of 12-gauge Deans Wet Noodle or 
Ultra Wire for each motor. 


2. Apply solder to the tip of a hot soldering iron (called “wetting the tip”). 


3. Touch the tip to one of the motor terminals. After a short while, the solder on the tip 
should flow to the motor terminal; as this is happening, add more solder so that the 
terminal has a bright and shiny coating of solder. 


4. Apply solder onto the lead, just as you did with the motor terminals. 


5. Hold the lead in contact with the terminal using a pair of helping hands as shown 
in Figure 10.18. Then hold the soldering iron so that it touches both the lead and the 
terminal at the same time. 


6. Add more solder as solder begins to flow between the terminal and the lead. Remember 
not to blow on the solder. Allow it to cool on its own. 


FiGURE 10.18: Holding the lead in contrast to the motor terminal. 
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Cutting Down the Axles 


This series of steps focuses on cutting down the axle material into usable lengths for the project 
robot. Although the hacksaw will make it through the material just fine, a reciprocating saw 
can save you a lot of time (and effort). 


1. Use a hacksaw or reciprocating saw to cut down the axles using the procedures described 
in Chapter 5. The plain keyed shafts should be cut to 5’/ inches long, while the splined 
motor shafts should be cut to 6'/: inches long, including the spline. 


2. Lightly clean up the edge on the disc sander. 


3. Use the deburring wheel to put a slight chamfer on the end by turning the axle slowly 
while holding it into the wheel. 


4. The splined motor shafts had some residue on them from the heat-treating process that 
interfered with the fit. I had to file them a bit to remove the coating before attempting to 
insert them in the pena blocks. 


Assembling the Drive Components 


In order to prevent the shaft from simply pushing out of the bearing, you've got to lock it in 
place. Thanks to the excellent engineering by Dan Danknick of Team Delta, the bearings in 
these blocks are captured on opposite sides. This means that you can prevent the shaft from slid- 
ing by putting a shaft collar on either side of the block. Note, however, that you want to only 
touch the center of the bearing, which spins along with the shaft. Otherwise, you'll cause drag. 
To deal with this, you'll use some smaller-diameter nylon spacers to make sure that you only 
touch the center of the bearing. You'll also use them to correctly space the sprocket on the shaft, 
~ see Figure 10.19. : 


1. Use the 1/2" bore x 5/8" OD x 3/8" long nylon bearings as spacers on the inside and 
the 1/2" bore x 3/4" OD x 1/2" long nylon bearings as spacers on the outside towards 
the wheel. 


2. In order to install the sprockets, you need to clamp the keys in the bench vise and cut 
them down to 3/4-inch long with a hacksaw. 


3. Use the disc sander and deburring wheel to clean up the edge of the key. 


4. Assemble the spacers, shaft collars, and sprockets (with keys) on each bearing block. 
The splined axle will be assembled exactly the same way, with the spline sticking out 
of the sprocket side. Do not install the wheel and wheel key yet. Those items will only 
get in the way, and will be installed just before the drive test. 


_ 5, Feed the axles through the axle holes in the side panels. Fit the motors onto the splined 
shafts. The motors should be mounted with 10-24 x 1/2" long button-head cap screws. 


edge 


Fi 


6. You may have to tweak the position of the splined shaft if it jams up against the motor. 
Under normal conditions, the motor should have a little play, allowing you to rock the 
splined shaft back and forth. If it feels too tight, then adjust the shaft collars so that the 
tip of the splined shaft moves more towards the outside of the robot, away from the 
motor. 


7. Apply Loctite to all screws once you're satisfied with the position of everything. Avoid 
getting any Loctite on the polycarbonate. 


Wrapping Up 


These components function as the “glue” that helps major mechanical parts fit together and 
function properly. They join drive components, and help secure them in place. They reduce 
friction and help transmit power. You won't use every one of these building blocks in your 
robot, but you'll definitely use at least a few. 
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Working with 
Roller Chain and 
Sprockets 


ou've got the makings of a frame, a pair of drive motors, and some 

output axles. The next step is to get power from the motors to the 

axles, and that’s where roller chain comes in. It’s the choice of most 
robot builders because of its ease of use, relatively light weight, versatility, 
and tolerance to misalignment. The latter is important when compared to 
gears. If your sprockets aren't perfectly aligned, the roller chain won't mind 
at all. But if your gears are misaligned by a small margin, they may bind and 
cause friction, which results in power loss, and ultimately, a less powerful 
drive system or weapon. That’s why I don’t recommend making your own 
gearboxes unless you have access to more advanced machine tools. Let's get 


rolling. 


What Is Roller Chain? 


Roller chain is very much like bicycle chain. It wraps around a toothed 
wheel called a sprocket. But in this case, instead of your legs pushing pedals 
to move the sprocket, your drive motors will be doing the turning. The 
turning force on the sprocket results in a pulling force on the chain. To 

complete the system, there is another sprocket for the output, and the chain 
pulls on this output sprocket, which results in a turning force on the output 

_axle. In the case of both the bicycle and your robot, the output happens to 
be a wheel, but you could also use roller chain to drive a rotating weapon, 
for example. As shown in Figure 11.1, what’s important is that there is an 
input and an output joined by a chain. The chain wraps all the way around 
both and transmits power from one to the other by a pulling force. 
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Ficure 11.1: Typical roller chain setup. 


What Can You Do with Roller Chain? 


As mentioned earlier, you can use roller chain to transmit power between drive motors and 
wheels, or motors and weapons. One of the chief advantages of this method of transferring 
power is that you can change gear ratios by choosing different-sized sprockets for the input and 
output. 











Designing with Roller Chain 


In this section, you'll find out exactly what you should be looking for in roller chain and 
sprockets. When it comes to these items, there are lots of different sizes and specifications, and 
it can be confusing. In this section, Pll help narrow down the choices with my recommenda- 
tions, and give you the information you need to select the roller chain and sprockets that are 


right for your job. 


ANSI Numbers 


The easiest way to talk about sprockets and chain is to refer to the ANSI number. ANSI stands 
for American National Standards Institute, an organization devoted to setting manufacturing 
standards for various mechanical components. By having a standard, sprockets from different 
manufacturers can be used interchangeably. 


Each size of roller chain has a specific ANSI number. If you order sprockets with the same 
number, you can be sure that they'll fit together with your chain. Standard numbers are 25, 35, 
40, 50, 60, and 80. We'll be using ANSI #35 roller chain and sprockets for the project robot. 
This size is appropriate for our needs for two reasons: The chain is strong enough to handle a 
lot of abuse without being too heavy, and the sprockets are widely available in a variety of sizes. 
ANSI #25 chain would be strong enough for most lightweight robots, but the sprockets are not 
available through standard suppliers such as McMaster-Carr or Grainger. Usually, the chain is 
sold in lengths of 10 or 100 feet. It’s best to get a few 10-foot lengths to begin with. Buy more 


than you need in case you make a mistake in breaking the chain. 


Sprocket Ordering Options 


- You can’t just walk into a hardware store and ask for a sprocket. The same goes for calling 
McMaster-Carr or Grainger. You might have to answer half a dozen questions or so before you 
can order the sprocket you want. Following is a brief introduction to each of these options and 
what’s important about them. 


Finished Bore versus Plain Bore 


Finished bore sprockets have two setscrews on the sides and a keyway already cut. Plain 
sprockets just have a hole in the middle with no setscrews or keyway. You'll need finished bore 
sprockets in almost all cases except where you're planning to use keyless bushings (described in 
detail in the “Mounting Sprockets to Motors and Axles” section). Since the bushing locks itself 
to the shaft, no keys or setscrews are necessary to transmit power. Figure 11.2 compares both 


types side by side. 
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Ficure 11.2: Plain-bore versus finished-bore sprockets. 


Bore Size 

The bore size is the size of the hole in the center of the sprocket, as shown in Figure 11.3. It’s 
also usually the size of the shaft that you'll be attaching the sprocket to. Read the specifications 
carefully to make sure that the sprocket you need is available in the bore size that you need. 
When you use keyless bushings (see next section), you will have to specify a larger bore size 
than the shaft you're mounting to. 


Number of Teeth 


As mentioned earlier, you can change gear ratios through your choice of number of teeth on 
the sprockets. Read the ordering page carefully to make sure that the sprocket with the number 
of teeth you need is available in your bore size. An important thing to remember is that the 
outside diameter of the sprocket increases as the number of teeth increases. This means that if 
you're trying to gear a motor down a lot with a single stage of sprockets (that is, a single input 
and output pair), then the output sprocket may become too large to fit in your frame. 
Fortunately, you can add a second stage of reduction, where the output sprocket of the first 
stage is connected to the input sprocket of the next stage. Bear in mind that you'll pay a price 
in weight, cost, and complexity. Also, it’s one more thing that could break down. There is a 
table in Appendix F, “Tables and Charts,” of standard sprocket sizes and outside diameters to 
help you in your designs. 
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Figure 11.3: Sprocket parts and diameters. 


‘ tiie As shown in Figure 11.3, the outside diameter is measured from the tip of a tooth to the tip of a 
~<; | tooth. The pitch diameter is measured from the middle of a link (threaded into the chain) to a link 






Choice of Material 


_ Fiberglass-reinforced plastic sprockets are available from McMaster-Carr. These are suitable 
for lightweight robots with nonexposed internal wheels, but probably won't hold up to mid- 


dleweight punishment. They give you a significant weight savings, but at the price of strength. 


We'll be using steel sprockets for our project. 


Mounting Sprockets to Motors and Axles 


In order to transmit power from your drive motors to the axles, you'll have to find a way of 
mounting the sprockets. Following are a few of the ways that this can be accomplished. 
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: An Illustrate 


Setscrews 


This method is cheap and easy, since the setscrews are already included with the sprocket, but 
it’s not recommended. You are relying only on the force of the setscrew to transmit the large 
amount of power that your motors are generating. If you can’t use any of the other mounting 
methods listed in this section, then you can help yourself by filing a flat on the shaft so that you 
don't gall it, or mar the shaft where the setscrew was attempting to dig in. There are better 
ways. Do you really want to lose for a reason as silly as this? 


Pinning the Shaft 


This is another relatively cheap and easy method, but still not the best. The idea is that you 
drill a hole through both the sprocket and the shaft. Then, you press a steel pin through the 
hole to join the sprocket and shaft together. Sounds pretty good, but consider the amount of 
shear force (slicing force) that this tiny pin will be subjected to under combat conditions. It’s a 
huge amount of torque that could cause this pin to fail. It’s actually used in some applications. 
as a safety measure to prevent damaging other expensive equipment. There are still better ways 
of securing the sprocket, and your robot is worth just a little more effort. 


Welding 


Yes, given a steel sprocket and a steel shaft, you could weld the two together. The good news is 
that the sprocket will not loosen and move out of alignment—ever. But that’s also the bad 
news, because removing the sprocket (from a bent or otherwise damaged axle) involves grind- 
ing the joint away. Very robust, but not too much fun when there are other ways around the 
problem. | | 


Keys and Keyways 

This is the most preferred method of mounting the sprocket, illustrated in Figure 11.4. As 
mentioned in Chapter 10, “Mechanical Building Blocks,” the idea is that the finished-bore 
sprocket has a keyway cut into its center hole that matches a similar notch cut into the axle. A 
key slides into the square-shaped hole created by the sprocket and shaft. The key and keyway 


solution is easily installed, easily removed, and repositionable, yet incredibly strong. 


The trick is that you buy pre-keyed shaft and appropriate-size keys from McMaster-Carr or 
Team Delta. (See the chart in Appendix F for standard key and keyway sizes.) Then, you push 
the key in the slot and slide your sprocket to where you want it, making sure the key is lined 
up. Tighten down the setscrews and you're ready to go. 


nd Sprockets. 





keyway key 





sprocket - pre-keyed 
shaft 


Figure 11.4: Keyed sprocket and shaft. 





Why use setscrews? In this case, the setscrews don't transmit the power, the key does. All the 
setscrews do is hold the side-to-side position of the sprocket. Still obsessed with not having 
setscrews? Okay. You can set the side-to-side position of the sprocket with a shaft collar on 
either side and get rid of the setscrews altogether. Or you can cut thin-wall tubing to the 
appropriate size and slide a piece on each side of the sprocket to relieve you of setscrews y 
forever. i: 


Keyless Bushings I 
Why do you need to know about keyless bushings if I’ve just told you the most preferred way 
of mounting the sprocket? Because this is a very interesting solution that has a few must-use t 
applications, especially if you have a motor that doesn’t have a keyway cut into its shaft. You f 
could attempt to grind one with a rotary tool. That’s pretty messy and since there are specifica- ‘ 
tions on how deep and how wide keys have to be for maximum benefit, you could be setting 
yourself up for disaster. Here’s where the keyless bushing comes in, as shown in Figure 11.5. | 











Figure 11.5: Keyless bushing. 


The keyless bushing slides onto the shaft and inside the sprocket, so the shaft and sprocket 
don't touch. It has a threaded, tapered inside that simultaneously squeezes down on the shaft 
while pushing out on the sprocket as you tighten the bushing down, as shown in Figure 11.6. 
Pretty tricky, eh? Just as with the key solution, it’s easily removed and installed, repositionable, 
and very strong, but you don't have to have a keyway cut into the shaft or the sprocket. 





Ficure 11.6: Keyless bushing installation. 


— Working with Roll 





How well does it work? It works great, but only if the shaft and bore size are within a few 
thousandths of an inch of specifications. You won't be able to get away with drilling out 
sprockets with smaller holes to use the keyless bushings. You should order plain-bore sprockets 
(no setscrews or keyway) with a much larger bore size than your axle diameter (see the keyless 
bushing bore size table in Appendix F). The catch is that keyless bushings cost about $30 to 
$50 each, depending on the bore size. 


If you're running a fixed-axle system, then the sprocket won't be mounted to the shaft. It will be 
mounted to the wheel, as described in Chapter 10. You could drill your own mounting holes in a 
4 stock sprocket, but a better solution is to use aftermarket custom go-kart sprockets and hubs 
\-] that are designed with fixed-axle applications in mind. These options are discussed in greater 
detail in Chapter 12, “Let's Get Rolling” 





Sizing the Chain 


Roller chain is sold in minimum lengths of 10 feet, and unless you've got a really big robot, 
you're going to have to make a few modifications in order to size it correctly. This involves 
determining the right chain length, breaking the chain using a chain breaker, joining it back 
together with a master link, and possibly tweaking the length using an offset link. Following is 
a detailed description of each of these procedures. | 


Where Should | Break the Chain? 


As described at the beginning of this chapter, you'll be joining the two ends of your chain with 
a master link. It’s important to realize that the master link needs two clean chain ends with no 
outer link plates attached to do its job. That means that when you size your chain, you must 
pick a pin that will produce a clean link. This limits your choices and may result in a chain that 

_ is longer than you really want, since it will be slack when installed. No problem. It’s better to 
have a slightly longer chain than one that’s too short. You'll take care of slack chains with a 
tensioner, described at the end of this chapter. 


This is not as violent as it sounds. The tool that you use for this purpose just happens to be 
called a chain breaker (shown in Figure 11.7). The jaws of the breaker are spring loaded so that 
you can clamp them around the sides of the chain. Following are the steps you'll take in order 
to break (that is, shorten) the chain. 


Using the Breaker : 





Qt: 





upper handle 





lower handle push-out pin jaws 


Ficure 11.7: Chain breaker. 


1. Spread the jaws by grasping both handles and squeezing, as shown in Figure 11.8. 





Fiure 11.8: Opening the chain breaker's jaws. 


2. Guide the spread jaws over the chain link that you want to break. Make sure that the V- 
shaped part of the jaw fits around the link’s sides (see Figure 11.9), and the pointed 
push-out pin of the breaker is centered over the pin. 
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Ficure 11.9: Positioning the push-out pin. 


3. Release the jaws and let the breaker grasp the pin, as shown in Figure 11.10. If it doesn’t 
line up, or catches the wrong link, squeeze the jaws open and try it again. If you can’t get | 
the jaws to close over the chain, then the push-out pin may be extended. Reset the tool 
by turning the upper handle counterclockwise, which pulls the push-out pin back in and 
out of the way. 





Ficure 11.10: Releasing the chain breakers jaws on the roller chain. 
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4, One hand holds the lower handle while the other hand turns the upper handle clockwise 
(as seen in Figure 11.11). Keep turning until you push the pin about halfway through the 
link plate. Keep in mind that you're not going all the way through, just enough to loosen 
the pin. If the bottom part of the pin link starts to bend, you've gone too far, and you 
may have a difficult time getting the pin link out later. 





Figure 11.11: Turning the handle to extend the push-out pin. 


5. Next, jump to the other pin on the same link and repeat Step 4 of this list, as shown in 
Figure 11.12. Remember to turn the top handle counterclockwise to reset the tool before 
each use. Otherwise, you won't be able to clamp down on the chain. Move back to the 
first pin and turn a little more so that the pin is pushed through the link plate. Then, 
jump to the second pin and push it through the link plate also. Both pins should have 
the pushing operation done twice to them and the link plate should pop off. 
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Ficure 11.12: Link plate removal sequence. 








6. The link plate should now be free from the chain. You should be able to easily pull the 
pin link from the chain. If it becomes stuck in the chain, use a pair of needlenose pliers 
to pull it out while gently swiveling the chain back and forth around the stuck link (see 
Figure 11.13). 


~S q dh pull out pin link 
</ with needle nose pliers 


Figure 11.13: Removing the pin link. 


7. Make sure that both ends of the chain are “clean.” In other words, they should have no 
plates hanging from them, as shown in Figure 11.14. If so, then it’s on to the master link. 
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Figure 11.14: Clean chain ends. 


Using the Master Link 


Now that you've cut your roller chain to the correct length, how do you join it back together? 
Well, you need to add a master link, shown in Figure 11.15. This is a special link that’s reusable. 
You can remove and install it quickly and easily without the use of the chain breaker. Here’s 
how it works: 





master 
link 


side 
plate 





spring 
clip 


Ficure 11.15: Master link parts. 


1. Put each tip of the chain puller into the last link of each side of the chain you're joining; 
as shown in Figure 11.16, and twist the knob at the top until the two chain ends are 
almost touching. 





Figure 11.16: Pulling the chain together. 


2. Insert the master link by pushing it all the way through the holes (see Figure 11.17). If you 
cant get the link all the way through, then tighten the chain puller a little more and try 


again. Once you have the master link in place, you can loosen and remove the chain puller. 





Figure 11.17: Inserting the master link. 


3. Put the master link side plate over the tips of the pins that are sticking through the link, 
and push it down so that the pin ends come through the plate (see Figure 11.18). Note: 
The master link has a special plate that is different from the plates that you remove with 
the chain breaker and the two can't be interchanged. It will become obvious if you try it, 
but I thought I'd mention it here. 


y 
a 
fs 
So 


Ficure 11.18: Installing the master link side plate. 


4. Rotate the spring clip 90 degrees so that the side plate and clip form a cross (as seen in 
Figure 11.19). Snap the middle part of the clip onto the end of one of the pins. 





Ficure 11.19: Positioning the spring clip. 


5. Rotate the spring clip so that it lines up with the side plate (see Figure 11.20). You may 
have to push the pin back a little bit as you swing it around. 





Ficure 11.20: Spring clip installation sequence. 


6. Insert the tips of a pair of needle nose pliers, as shown in Figure 11.21, and squeeze until 


you hear a click. 


7. To remove the link later on, insert the tips of the needle nose pliers as shown in Figure 
11.22, and squeeze to push the clip back. Continue with Step 5 and the rest of the 


sequence in reverse order. 





squeeze here 





Ficure 11.21: Locking the spring clip in place. 
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FicurE 11.22: Spring clip removal. 


If the chain hangs down a little bit after it's cut, no problem. We'll take care of that later in this 
= section with a chain tensioner. If the chain is too tight to get the link in, then you've sized the 
¥ 4 chain a little too short, and it may have to be recut. First, however, try an offset link, which is 
B\, -| described next. 





Using an Offset Link 


An offset link, shown in Figure 11.23, gives you half of the length of a standard link. This can 
give just enough slack to make a chain that’s too tight just right. The offset link consists of 
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three pieces: the link body, the offset pin, and a cotter pin, as shown in Figure 11.24. To assem- 
ble the pieces, follow these steps: 


Figure 11.23: Offset link. 


1. Remove the master link (if installed) from the chain that’s too tight, as described earlier. 
(see Figure 11.24). 





remove the master link 
from the short chain 


Ficure 11.24: Removing the master link. 


2. Carefully remove the parts from the package, keeping track of the microscopic cotter 
pin, as shown in Figure 11.25. 





offset pin 


microscopic 
cotter pin 


Figure 11.25: Offset link parts. 


3. Select one end of the chain and slide the offset link over the end (see Figure 11.26). 


slide the offset link over Y 
the end of the chain 3 | 





Ficure 11.26: Offset link positioning. 


4. One of the holes on the side of the offset link is round, and the other is squared off, 
as shown in Figure 11.27. You will slide the offset pin through the round hole 
towards the one that is squared off. (There should be only one way that the pin fits 
through both holes.) 
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Ficure 11.27: Offset pin installation. 


5. Push the cotter pin through the hole in the offset pin starting at the round side and 
pushing through to the flat side (see Figure 11.28). 





push the cotter pin into the hole 


Ficure 11.28: Cotter pin installation. 


6. Spread the legs of the cotter pin outwards (see Figure 11.29) to lock it in place. 








bend cotter pin legs 
over to the sides 


Figure 11.29: Locking the offset pin in place with the cotter pin. 


7. Insert the master link as described earlier. Figure 11.30 shows the final installation with 
both the offset link and master link. 
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offset link master link 
Ficure 11.30: Offset link and master link installed. 


If the chain is too loose, then it's time to add a chain tensioner, described next. If the chain is still 


“=; 1 too tight, then you should recut the chain to a slightly longer length and try again. (Good thing 
(| you bought extra chain, right?) 





} Why Chain Tension Is Important 


There are a few reasons why chain tension is critical to the system. It can't be too loose or too 
tight. You're looking for just right, which I'll talk about at the end of this section. As I men- 


tioned earlier, you can’t always have the perfect length chain, and that’s where the tensioner 
comes in to take up the slack. 





Efficiency 


Efficiency is a measure of how much of the source’s power is actually transmitted to the load. 
In plain terms, how much of the motor’s power will get to the wheels? Of course, it’s not possi-: 
ble to get 100 percent efficiency, but you want as much as you can get. If the chain is too loose, 
your efficiency goes down because the chain slips a little as the teeth try to catch the rollers. If 
the chain is too tight, your efficiency will suffer because the sprocket will be fighting against 
the chain, which will be pulling in the direction of the other sprocket, resisting turning. 


Skipping 


If the chain is slack, it may jump out of the sprocket teeth when the system experiences a high 
torque. If it skips repeatedly, this can cause a lot of wear on the sprockets and chain. Also, a 
skipping chain means that your robot isn’t moving. Finally, the chain can jump off the sprocket 
altogether, leaving you with a bunch of chain piled up inside the robot and an incapacitated 
drive system. 


Shock Load 


If the chain is too slack, when the wheel experiences a shock load (hitting another robot, the 
arena, or a weapon), it can actually tense the chain in a single spot and focus a huge amount of 
energy on one or two links, causing either a kink in the chain (a source of efficiency loss) or 


actual breakage. 


Stretching 


Your chains will stretch over time. As they wear in, you will see more and more slack. Having a 
chain tensioner will allow you to correct for that increasing slack over time. 


What Exactly Is “Just Right"? 


Just right, according to most manufacturers, is a slack amount that is 2 to 4 percent of the run 
length, as shown in Figure 11.31. It’s about 4 percent under normal conditions and 2 percent 
for extreme loading (that is, combat) conditions. How do I measure this? Take a pad of paper 
and prop it up behind the tensioned chain. Pick a pin in one of the links near the middle as 
your reference. Pull up the chain and roughly mark the maximum height of the pin. Then, pull 
the chain down and mark the minimum height of the same pin. If the distance is somewhere 
between 2 and 4 percent of the tangent-to-tangent (run length) distance, then you're right on. 


For example, let’s say that the run length is 12 inches. Two percent of that distance is 0.24 
inches and 4 percent is 0.48 inches, so I would put the “just right” tension somewhere around 


0.375 inches. 





run length 
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2-4% of run length 


Figure 11.31: Measuring chain tension. 


Installing a Tensioner 


In the previous section, you found out why correct chain tension is important. Okay, but 
what do you use to get correct chain tension? A chain tensioner of course. There are many 
different kinds of tensioners out there. In the following section, I'll describe some of the 
common off-the-shelf solutions, and some things you might want to think about if you 
make your own. 


Getting a Good Wrap 


One of the most important things to consider when adding a tensioner to your system is 
figuring out where to put it. You've got to make sure that all of the sprockets in your system 
have adequate wrap. In other words, does the chain go around at least 50 percent of the 
sprocket, as shown in Figure 11.32? If not, the chain may skip, even if you have perfect 
tension. 


Figures 11.33 through 11.38 show some examples of various types of chain wraps. Note the 
position of each tensioner in these systems and how they help each sprocket get good engage- 
ment with the chain. 





Figure 11.32: Minimum chain engagement on sprocket. 
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Ficure 11.34: Wheel bearing bracket used as a tensioner. 
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Ficure 11.35: Standard idler. 


more wrap (good) less wrap (bad) 





in general, you want a tensioner that increases chain wrap around the sprockets 


Figure 11.36: Delrin block. 
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Ficure 11.38: One motor driving two wheels with an S-wrap tensioner. 
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Design Considerations 


You don't really need a fancy store-bought tensioner. In fact, many of those items have cast- 
iron bodies — much too heavy for our needs. You can design your own chain tensioner, keeping 
in mind some of the following points: 


m Js it easily tensioned? Can you reach the tensioner to tweak it between matches? Are the 
retaining bolts easily accessed with an Allen wrench or ratchet? 


m Does it have enough range? You've got to make sure that the slots are long enough and 
placed in a location that will give you enough slack to remove the master link and extra 
tension to take up any stretching in the chains later on. 


m Is it serviceable? Can you remove the tensioner easily to service or replace it? Do you 
have to remove many other parts of the robot to access it? 


Project 5: Installing the Chain 


This chapter explains how chains and sprockets can be used to transfer power between rotating 
shafts. In this project, you'll do exactly that for the project robot. First, you'll size the chains 
and install them. Then, you'll add the tensioner blocks, and any spacers, if necessary. This will 
give you some experience in working with the chain tools and getting a feel for correct chain 
tension. 


It's likely that the chains will be super oily, so you may want to get some latex gloves from the 
hardware store, or have lots of clean rags handy. Eye protection is-required for all of these 
operations. 


] Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal,” 
7~~ | as well as the sections that correspond to the specific tools used below. 





. Making the Chain Tensioner Blocks 


The chain tensioner blocks will push the chain up and take up some of the slack, so that the 
chain is a bit tighter. The material selected for this job is Delrin, which is naturally slippery, 
and can be used in applications where you need low friction. The blocks will be cut into half- 
rounds out of a full rod. 


1. Take the 1-inch diameter Delrin rod and place it on a 3/4-inch _L-channel. Mark a 
4-inch long line down the length of the rod. 


2. Feed the rod straight into the bandsaw keeping the blade centered on the line. When 
you reach the end of the line, withdraw the rod, carefully pulling straight backwards, so 
that you leave a slot in the rod. Make sure to use water or WD-40 for lubrication. 


3. Mark off two 1%-inch lengths on the shaft. 


ie cee cera RE RS AE 


4. With the slot parallel to the bandsaw table, feed the shaft into the bandsaw blade on the 
first line. This should produce two half-round shapes. 


5. Feed the rod into the blade on the second line to produce two more half-round shapes 
for a total of four blocks. 


6. Clean up the block on the disc sander, being careful to keep your fingertips away from 
the abrasive surface. 


7. Flip all the blocks over so that the flat side is facing up and apply the hole pattern with 
spray adhesive. 


8. Mark the holes with an automatic center punch. 


9. The half-round may be difficult to clamp in the drill press vise, but if your vise is 
equipped with a horizontal notch, as shown in Figure 11.39, you can get one side of the 
half-round in there. 
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Figure 11.39: Setup for drilling holes in tensioner blocks. 


10. Drill the two 1/4-inch holes in each block. | 
11. Install the blocks on the base using 1/4-20 x 3/4-inch long button-head cap screws. 








Sizing the Chain | | 
Below is a listing of steps to size the roller chain for installation. It’s a bit unusual to install the ten- 


sioners before sizing the chain. Usually, it’s the other way around. In this case, we need the height 
of the blocks to keep the chain up off of the base so that we can pass wires underneath it later. 


1. Take the loose end of the chain and thread it around the sprockets. Note that the 
sprocket connected to the motor won't turn, so you'll have to pull the chain past and 
wrap it around when you have enough slack. 


2. Keeping hold of the link that lines up for a decent fit, break the chain using the tech- 
nique described earlier. 


3. Use the chain puller and insert the master link as described earlier. 


4. You may find that the chain is a little slack with the master link and tensioners in place, 
as shown in Figure 11.40. Not to worry. Next, we'll make some spacer plates to raise the 
blocks up high enough to correctly tension the chain. 
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FicurE 11.40: Chain with master link and tensioners installed. 


Note | There's a calculation that you can use to find a length for an integral number of links. However, 
| usually dictate the position of the axles and use a tensioner to take up the slack. 
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Making the Spacer Plates 


In this operation, you'll make four plates from scrap 3/16-inch aluminum, which will be 
inserted below the tensioner blocks to push them up to a height that gives correct chain 
tension. ; 


1. Begin by marking a 1- inch-wide strip at least 7 inches long on a scrap of 3/16-inch alu- 


-minum from the base. 
2. Use the band saw to cut the strip. 


3. Clean up the strip on the disc sander, being careful to stay on the side of the disc that 
rotates down, as described in Chapter 6, “Shaping and Finishing Metal.” You will have 
to flip the piece over to sand the entire length of the strip. 


4. Finish the edge on the deburring wheel. 


5. Mark four 1°A- inch plates on the strip. The kerf of the bandsaw blade is relatively small, 
and the length of these plates isn’t that critical, so you can mark them all at once. 


Cut the strips and clean them up on the disc sander and deburring wheel. 


7. Next you'll drill the plates. You can save time by clamping all four plates together, as 
shown in Figure 11.42, and drilling all the holes at once. Use spray adhesive to apply the 
hole pattern to the top plate, and mark the hole positions with an automatic center 


punch before drilling. 





Figure 11.42: Drilling multiple plates at once. 





8. Install the plates and check the chain tension. You should be able to move the chain at 
least 1/8 inch, but not so much that the upper part of the chain comes in contact with 
the lower part. Correct chain tension should appear as shown in Figure 11.43. You can 
also use washers to tweak the height of the block. 





FiGuRE 11.43: Correct chain tension. 


Note Don't be surprised if over time, your chains begin to stretch and sag. It's natural and an example 
of why it's a good idea to have a tensioner in the system. You may have to make another set of 
spacer blocks in the future, using the previous technique to maintain tension. 





Wrapping Up 


This chapter has provided an introduction to the tools and techniques for working with roller 
chain. Although not every robot uses roller chain, every robot builder should be aware of how 
to use it, because it’s so versatile. You can change sprockets to get a different gear ratio, and in 
most cases, all you have to do is cut a different-sized chain. Through this introduction and the 
project robot, you should develop a clear understanding of how roller chain and sprockets can 
distribute mechanical power over long distances, and how it can be applied in your own 
designs. Best of all, you don’t need any fancy, expensive machine tools with absolute precision 
to use roller chain and sprockets. If the sprockets are a little bit out of true, no problem. The 
roller chain won't mind at all. 


——————tsst—Ss. 


Let's Get Rolling 


heels are the final step of the drive system. Without the appro- 
priate wheels, your performance could be just as bad as if you'd 
incorrectly geared your motors. There are more choices than you 
might imagine, and this chapter will discuss the importance of traction and 
durability, as well as different factors that will affect your selection, such as 
drive setups, wheel construction, and materials. You'll find out about the top 
wheels used by the pros and why they're so popular. Finally, I'll show you 
how to find your own wheels, if you choose, and how to enhance your trac- 
tion by using special chemicals. 





What Makes a Good Wheel? 


There are many good wheels to choose from out there. Perhaps a more 
important question than “What makes a good wheel?” is “What is the most 
appropriate wheel for your robot?” The traction and durability of the wheel, 
as well as the weight class of the robot must be taken into account, because 
each ‘of these factors affects how your wheels will perform in actual combat 
conditions. 


‘Wheel Anatomy 


In the discussion of wheels, it is helpful to define a few terms first. 


Manufacturers have specific names for different parts of a wheel. A standard 
wheel has a tire, which is the outer surface that contacts the ground. The rim 


_ (or also, confusingly, wheel) usually comes in two halves and bolts together, 
squeezing around the tire, and providing a solid mounting surface. The ub 


connects the whole wheel to the axle by bolting to the rim. Figure 12.1 
shows a typical wheel system. 


Bonded wheels are a bit different. They have a core that performs the same 
function as a rim, but the tire is molded (bonded) directly to the core, and 
not sandwiched between two rim halves. 











standard wheel 





rim half 


axle rim half 
hub tire 





core tire 


Figure 12.1: Anatomy of a typical wheel system. 


Why Is Traction Important? 


Traction is the ability of the tires to grab the arena floor. Without traction, a combat robot 
might simply spin its wheels when trying to push an opponent. You could have a huge amount 
of torque, but without traction, it’s wasted. Worse yet, you could be pushed all around the arena 
by other robots. 


The tires are the key to traction. They should be slightly compressible (squishy), but not 
enough to deform permanently under the weight of your robot. The tire material and pattern 
will determine the traction for a given wheel. How these factors interact with the playing field 
will determine your ultimate success. 


Tire Materials 


By definition, the compressible materials in tires are flexible. At the same time, you want the 
tire to be resistant to tearing or becoming delaminated or disconnected from the hub or core. 
It’s a difficult balance for most materials to achieve, but rubber, foamed polyurethane, and ther- 
moplastic elastomers have all been proven in battle (see the “Top Wheel Choices” section). 


A durometer reads the hardness (and thus the compressibility) of a material. As mentioned in 
Chapter 4, “Selecting Materials,” the Shore-A scale was created to measure the hardness of soft 
(pliable, compressible) things. In combat robots, you should be looking for wheels and tires 
with a durometer rating of no more than 75 Shore-A. Experience has shown that a durometer 


rating of about 65 Shore-A is appropriate for robot combat because it has the right amount of 
_ “squish” to give you good traction in the arena, while being able to stand up to punishment. 


The Shore-D scale is also used by manufacturers to evaluate some harder materials used in solid 
wheels. Which scale is used is up to the manufacturer, although the Shore-D scale gives better 
resolution with harder materials. To compare a wheel rated in the Shore-D scale, add 50 and 
you will get an equivalent hardness in Shore-A. However, if the wheel or tire is rated in Shore- 
D, it’s a good bet that it’s way too rigid (not enough “squish”) to provide you with good traction 
on the arena floor, and will probably slide rather than grab. 








Tire Patterns 


Another important choice is what tire pattern to use. Arena floors will vary, and you should try 
and find out as much as possible about the surface you'll be playing on before the competition. 
If you can’t get this info, then see if you can get tapes of previous competitions, and see how the 
robots handle in the arena. Usually, you can find a competitor’s Web site and discover the wheel 
system that they used. You may be fighting on steel (coated with a textured traction paint), 
concrete, or even asphalt. Different patterns have different reactions to the various surfaces. In 
general, the more textured the surface, the more textured the tire should be. As shown in 
Figure 12.2, the patterns you may have to choose from are smooth, rib, diamond, lug, bell, jag 
(sawtooth), and knobby. . | 


bell 
Ficure 12.2: Different tire patterns. 





Removing the very outside skin of a tire is a good idea. Since most tires are molded, the outer 
layer is usually pretty smooth. By sanding off this smooth outer skin, you can give the tire a 
rougher surface (called “tooth”) to grip the floor better. Some builders recommend removing the 
outside layer with a hand-held sander while running the drive wheels. This is done so that you 
don't sand down the tread too far in one spot, and you keep the tire thickness uniform. 
Remember, you're only taking off enough to rough up the surface, not weaken the tire. 


The Importance of Durability 


The wheel has to be able to carry the weight of your robot without collapsing. It should also be 
capable of taking high shock loads from impacts with the arena walls, hazards, or other robots. 
You should count on your wheels getting attacked and abused in the arena. As the mechanical 
connecting point between the wheel and the rest of the drive system, the hub (and/or core) will 
be absorbing most of the shock, so their materials will have a direct effect on the overall dura- 


bility of the wheel. 





Core and Rim Materials 


The first thing to realize is that you won't be supporting thousands of pounds on your tires, so 
cast iron cores can be ruled out immediately. A wheel with a higher load capability isn’t neces- 
sarily better, and may be much, much worse because of weight issues. Remember that robot 
parts used in multiples add up quickly, and if each one of them is heavy, you'll be out of weight 
in a hurry. What is important is that the core or rim won't rupture when hit. 


Usually, aftermarket rims are made out of steel, aluminum, or nylon. Steel and aluminum are 
certainly up to the abuse, but nylon rims (while a good lightweight solution) should be backed 
by an aluminum hub, and an aluminum plate on the outside of the wheel if it’s fully exposed, to 
armor them and increase their durability. The core material used on the bonded caster wheels is 
usually tough enough to take through-hole bolting. It’s resilient enough to stand up to abuse, 
but not brittle like plastic lawnmower wheel cores, which are prone to shattering with shock 


loads. 


Hub Materials 


Aluminum is the preferred material for hubs because it’s light yet strong enough to take a beat- 
ing. [here are many different aftermarket solutions from NPC Robotics, Team Delta, Robot 
Marketplace, and other online vendors. Plastic hubs (such as Delrin) should be avoided in all 
but lightweight robots with fully protected wheels. However, bonded caster wheels with alu- 
minum hubs have been successfully used in many weight classes, even 340-pound superheavy- 
weight robots. Steel hubs are usually reserved for aftermarket pneumatic tires. There are several 
steel go-kart hubs that have heavy-duty bearings to carry the load and that allow you to bolt 
the wheel onto one side and a sprocket onto the other, for a convenient drive wheel solution for 


fixed-axle systems. 


- Dimensions 


As mentioned in Chapter 9, “Selecting Drive Motors,” the diameter of the wheel will help 
determine the speed of the robot and the pushing force. Larger-diameter wheels give the robot 
a higher speed, but less pushing force. The thickness of the tire will affect the surface contact 
area, and thus the traction. 


Weight Class 


As always, every part on the robot has to be evaluated for weight. A single wheel and hub can 
weigh up to 15 pounds. With four wheels, that would already be 60 pounds — half the weight 
of a middleweight class robot, only leaving another 60 pounds for armor, weapons, drive, and 
batteries. By scaling the wheel to the robot, you can leave some weight for the rest of the basic 
systems. 





Drive Setups That Affect Your Wheel Choices 


The type of drive system you are using should be considered in your wheel decisions. Described 
next are some of the secondary factors related to your drive system that will influence your 
choice of wheels, including number of wheels, their exposure, and axle configuration. 


Two-Wheel versus Four-Wheel Drive 


Is there such a thing as “too much” traction? Yes, if you're dealing with a four-wheel drive slip- 
steer robot. As its name implies, turning a four-wheel slip-steer robot means that all the wheels 
have to slip in order for the robot to turn. Unfortunately, the higher the traction, the more 
torque it will require to turn, which means more battery power as well. Two-wheel drive robots 
don't suffer the same penalty since their wheels don’t have to slip. 


Why have the four-wheel drive robots become so popular, then? Because they will inherently 
go much straighter at higher speeds than a two-wheel drive system. Also, if you're lifted up, the 
wheels are closer to the edge of the robot, and you usually have at least one drive wheel on the 
ground to get away. With a typical two-wheel drive system (with casters, for example, as shown 
in Figure 12.3), you're usually at the mercy of the lifter. More wheels give you more traction, so 
youre less likely to get pushed around with four, as opposed to two, of the same wheel. In addi- 
tion, the friction during turning in a four-wheel drive system (from slipping) slows down your 
turns, which can help you compensate for overturn, giving you added control. 


swivel casters 


/ 


two-wheel drive ~ four-wheel drive 
Figure 12.3: Two-wheel versus four-wheel drive configurations. 


Adding more wheels driven by a chain will not give you more pushing power. Although you will 
have more traction, the torque is divided by the number of wheels that you're driving. You can 
only get more power with higher power motors, or by driving the additional wheels with sepa- 


| rate motors. 














Wheel Exposure 


Another variable to consider in wheel selection is whether your wheels are fully exposed, fully 
protected, or partially exposed (see Figure 12.4). Fully exposed wheels are big targets for spin- 
ner robots and arena hazards, and need to be more durable than protected wheels. In particular, 
the hubs and rim (or core) should be as tough as possible. For example, the wheels on my robot 
Deadblow had nylon rims, so I machined some aluminum plates for the outside that bolted 
into an aluminum hub, sandwiching and armoring the rim. Note that partially exposed wheels 
are subject to less direct damage, but need to be larger in diameter to exit the top and bottom 
of the frame. 





fully exposed fully protected partially exposed 


Ficure 12.4: Exposed, fully protected, and partially exposed wheel examples. 


Live or Fixed Axle 


This refers to whether the axle turns or not. In either case, you've got to spin the tire, but this 
factor will help you determine what kind of rims and hub you'll need, and if your bearings will 
be in the wheel, or in bearing blocks in the robot, as described in Chapter 10, “Mechanical 
Building Blocks.” , 


In the live-axle case, which is the most popular solution, the wheel is firmly attached to the 
axle, and as the axle turns, the wheel rotates along with it, as shown in Figure 12.5. Usually a 
sprocket is connected to the axle to transmit power from another sprocket on the motor (via a 
chain, as described in Chapter 11, “Working with Roller Chain and Sprockets”), and the axle 
itself transmits power to the wheel. (Gears can also be used in place of the chain and sprockets.) 
The axle should be prekeyed, or have a keyway cut into it (no set screws), so that you have a 
robust mechanical connection. Technically, any wheel that is directly connected to the motor 


(such as an NPC T64 and 10-inch NPC flat-proof tire) is a live-axle system. 
For sources for prekeyed shafts (a real convenient thing), see Chapter 10. 


y) In the fixed-axle system, shown in Figure 12.6, the axle is firmly attached to the robot’s frame, 


- Z and does not rotate with the wheel. The sprocket is bolted directly to the wheel, and the hub 


(or rim) has bearings that allow the wheel to turn around the axle. The axle is just supporting 
weight and does not transmit any power. 








) rim half 
axle hub "im half 


sprocket tire 


The rim halves sandwich the tire and bolt to the hub. The hub 
and sprocket firmly attach to the shaft and all components rotate 
along with the shaft. 


Figure 12.5: Live-axle example, exploded view. 


flat sprocket 
“7 ee 
* rim half 





bearing 


tire 


The rim halves bolt together and sandwich the tire. The sprocket bolts directly 
to the wheel on top of the spacer. The wheel spins on the axle using bearings. 
The axle does not rotate. 


FicurE 12.6: Fixed-axle example, exploded view. 


Azusa Engineering, an online go-kart distributor, carries rims (wheels), custom hubs, and alu- 
minum sprockets for fixed-axle systems. They have rims manufactured out of aluminum, 
steel, and nylon, with their own bearings installed. They have dozens of bolthole patterns for 
custom aluminum sprockets for many different chain sizes. You can visit the Web site at 
www.azusaeng.com or call, fax, or e-mail a design to them. 
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Top Wheel Choices 


The top wheel choices used by builders today fall into a few different categories: solid, foam- 
filled, or bonded. This section will talk about the strengths and weaknesses of each of these 
types of wheels. 


Air-filled tires are not recommended for the simple reason that if the tire and tube are punctured 
or otherwise ruptured, the tire will deflate, instantly losing its effectiveness. Some competitions 
(such as BattleBots) have arena hazards such as circular saws that pop up out of the ground. No 
| matter how well you protect the tire, you still have to leave a part of it exposed to contact the 
ground. Thus, foam-filling tires are highly recommended, and are described later in the “Finding 
Your Own Wheels” section. Also see the “Foam-Filled Wheels and Tires” section. 








Solid Tires 


Solid tires are available in many different materials. Most of them, however, are too heavy 
and/or rigid for use in combat robots. Solid rubber, hard polyurethane, phenolic, and 
polypropylene wheels fall into this category and should be avoided. The good news is that there 
is one solid tire that is outstanding for use with combat robots, the Carefree BattleTread. 


Carefree BattleTread Tires 


When they say carefree, they mean carefree. No tubes, no rubber, no flats. Unlike other molded 
or solid polyurethane tires, this line is lightweight and compressible, due to its unique microcel- 
lular polyurethane foam. The foam is dense enough to support a load, but has millions of tiny 
closed cells that squish a little, giving you better contact with the arena floor. 


The foam allows the tire to have larger dimensions without the added weight that a compara- 

_ bly sized nonfoamed polyurethane tire would have. Because they’re solid, you can drill holes 
through them to lower the weight even more, as some competitors have done. You will have to 
source your own rims and hubs from online suppliers for this tire (see the “Finding Your Own 
Wheels” section at the end of this chapter for vendors). “ 


BattleTreads (see Figure 12.7) are available in several different tire patterns from Robot 
Marketplace. Make sure to remove the slick outer layer of a stock tire to expose the foam 
underneath. 


Foam-Filled Wheels and Tires 


These tires are generally standard rubber, intended for use with inflatable tubes, that have been 
filled instead with a lightweight foam for rigidity and resistance to failure due to puncture. 





Ficure 12.7: Carefree BattleTread-type solid tire. | 


NPC Flat-Proof Wheels 


NPC Robotics has a line of tires prefilled with foam and mounted to steel rims with mounting 
holes for a hub. There are currently three fairly large tire sizes, which produce a good combina- 
tion of speed and torque when coupled to lower-RPM motors, such as the gearmotors they sell 


(see Chapter 9). 


NPC also carries hubs that are custom machined to fit both the wheel rims and the output 
shafts of the motors they sell. This is a great solution, because it’s an all-in-one package that’s 
designed to work together, as shown in Figure 12.8. The wheel sizes are good combinations 
because you usually have more torque than you need, giving you accurate positioning (the robot 
stops when you tell it to), but also a wide enough diameter to give you above average speed in 
the arena. 
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NPC-PH804 hub 
NPC-PT4106 


Hat-proot tire | NPC-R82 gearmotor 
Ficure 12.8: NPC-type wheel and motor system. 
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You can use the NPC hubs to connect NPC gearmotors to any aftermarket wheel that has four 
boltholes in a 2%-inch or 2'%c-inch-circle. 





+! American Airless Airfree Innerthanes 
American Airless is a company that takes rubber tires and fills them with a lightweight foam. 
In fact, they're the company that NPC uses to fill their tires. Specializing in the wheelchair and 
mobility markets, they offer rubber tubeless caster wheels that were originally intended for 
wheelchairs, but work great for combat robots. 


Their Airfree Innerthanes are rubber tires with the foam filling, as shown in Figure 12.9. They 
have several choices in the 6- to 10-inch range with different tread styles, and they fit standard 
size rims. The Superlite series wheels come with a nylon rim and bearings. You'll need to add 
an aluminum hub to connect them to the axle. 





FicureE 12.9: American Airless-type tire. 


Bonded Wheels 


Bonded wheels are a unique solution to the problem of preventing the tire from spinning on 
the rim. Instead of a separate rim, the material is molded directly on a core of plastic or alu- 
minum. The core connects the wheel to a hub, and in some cases, functions as the hub as well. 


Caster Wheels 


Caster wheels (see Figure 12.10) have become staple items in combat robots. Their light 
weight combined with good traction properties and toughness make them an excellent choice 
for lightweights as well as larger weight classes. The Colson Performa series of caster wheels 
has a solid thermoplastic elastomer tire (a flexible rubber replacement) bonded to a tough 
plastic-like polyolefin core. When used with an aluminum hub and through-hole bolted (as is 
the case with Team Delta or Robot Marketplace hubs), the core stands up well in the arena. 
The 65 Shore-A durometer hardness rating on the tire is just about perfect for this sport. 
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NPC caster small Colson large Colson 
wheel caster caster 


FiGuURE 12.10: Caster wheels (different sizes). 


NPC Robotics takes similar caster wheels from another manufacturer and adds their own cus- 
tom Delrin inserts to them. The inserts are keyed for use with similarly keyed shafts. To lock 
the insert in place, they've also added a taper pin drilled at a 45-degree angle. While this isn’t as 
solid a scheme as through-hole bolting, it represents a significant price advantage for smaller 
robots that don't need to deliver huge amounts of torque. I recommend fully protecting these 


wheels and double-supporting them. NPC also plans to release a line of aluminum hubs soon. 


Andrus Engineering Wheels 


The Andrus wheels shown in Figure 12.11 are a newer product. They offer really wide wheels 
for a large contact area. This wheel has an aluminum core with a bonded polyurethane tire. 


oe t 





The polyurethane is more rigid than I would like (75 Shore-A), but otherwise this appears to 
be a nice wheel. You will need to add your own hub to connect the wheel to an axle. 





FiGuRE 12.11: Andrus-type wheel. 


Team Whyachi Wheels 


The Team Whyachi wheels (see Figure 12.12) are aluminum-core wheels with a polyurethane 
tire bonded directly to the core. They wisely have a similar durometer rating to the highly suc- 
cessful Colson casters. Unfortunately, they have a hexagonal center bore, which is a strong, but 
not a very convenient choice for the average builder. Fortunately, their TWA 40 and T-Box 
gearboxes are available with a matching hexagonal drive shaft. This is a very sturdy drive 
solution, and should be an effective combination with their gearboxes. 
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FiGureE 12.12: Team Whyachi-type wheel. 


Other Configurations 


It’s true that your basic two- or four-wheeled robot isn’t the only choice you have out there. 
Following are some of the other configurations, and why they may not be the best (or most 
efficient) choice for your robot. 


Track Drive 


Very few combat robots use tracks. Tracks have a high coolness factor, but you've got to con- 
sider the issues of expense and durability. You don’t have many off-the-shelf solutions to choose 
from. It’s not to say that some famous robots don’t use them. On the contrary, Peter 
Abrahamson’s Ronin and Scott LaValley’s DooAll are both successful tracked robots. They’re 
also both in the superheavyweight class. My recommendation is to steer clear (pun intended) 
from these as a locomotion solution, unless you're prepared to custom make CNC track parts, 
and you have the weight to spare. 


Car-Type (Ackerman) Steering 


While it’s intuitive for anyone who drives a car, Ackerman (car-type) steering has a few prob- 
lems when applied to combat robots. First and most importantly, when compared to four- 
wheel slip-steer or two-wheel drive, it gives your robot an inherently wide turning radius. In 
this game, being able to perform a tight turn could mean the difference between firing your 
weapon or being fired upon. (Think how long it takes to perform a three-point turn in a car.) 
Car-type steering is harder to build. With a two- or four-wheeled system, all you have to do is 
mount a motor and wheel on either side of the robot. With car-type steering, you actually have 
to use high-power servos to swivel the front wheels. This is mechanically more complicated. 
It’s best to avoid this type of steering. 


Walking or Shuffling Robots 


While also very high on the coolness factor, walking robots are very difficult to implement. 
Because walkers usually garner a weight bonus, restrictions on exactly what qualifies as a walk- 
ing robot are tight. In addition, there are issues with durability and power consumption, 
because it requires a lot of energy to move without the efficiency of rolling wheels. Shuffling 
robots have been successfully implemented, but currently, a shuffler will probably not qualify 
for a weight advantage. From a competitive standpoint, it’s difficult to justify a walker. 
However, if you're more interested in building something cool rather than winning matches (as 
some builders are, such as Mechadon’s creator Mark Setrakian), then a walker is a sure-fire way 
to create some excitement. 


Finding Your Own Wheels 


Maybe you don’t like the look of the previous wheel solutions. Maybe you want to use some- 
thing else. This section will introduce some aftermarket distributors and talk about what you 
need to know to order from them. 
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What Do the Tire Sizes Mean? 


The outside diameter (OD) is the final outer dimension of the wheel, as shown in Figure 12.13. 
The model number of the tire doesn’t always give you a clue as to the tire’s OD. In fact, the rim 
size has more influence on the OD. For example, a standard model 4.10/3.50 tire can have an 
OD of 10.5 inches, 11.5 inches, or 12.5 inches, depending upon the rim size that’s specified. | 
The bottom line is that you should always check to see if the manufacturer has specified the OD 
of the tire. That way, you'll know the final diameter that you should see in the wheel. 


bolthole circle 
bolthole 


outer 
diameter 
(OD) 






rim size 


Figure 12.13: Tire sizing and bolthole diagram. 


You will also need to know the bolthole pattern on the rims that you order. The bolthole pat- 
tern consists of the actual hole diameters, number of holes, and the size of the circle that 
they're aligned on, as shown in Figure 12.13. 


Azusa Engineering 


This online distributor caters to the go-kart market and sells rubber tube tires, rims (wheels), 
custom hubs, and aluminum sprockets. They have rims manufactured out of aluminum, steel, 
and nylon, along with matching keyed steel and aluminum hubs to mount them on. They have 
dozens of bolthole patterns for custom aluminum sprockets for many different chain sizes. You 
can visit the Web site at www.azusaeng.com or call, fax, or email a design to them. You can 
purchase a tube tire and rim and have it foam filled by American Airless, as described in “The 
(American) Airless Solution” section below. 


Gokartsuppply.com 


This vendor has a good selection of tube tires, rims, and hubs. You may see fudeless tires men- 
tioned on this site and others. In the go-kart world, a tubeless tire does not mean that it’s foam 
filled. It means that it’s intended to be used with a single-piece rim. The rim and the tire form 
the air-filled cavity. The problem is that the rims are generally welded together, and in many 
cases have no mounting holes for sprockets. For our purposes, I would suggest buying a regular 
tube tire with standard split hubs and having it foam filled. 





The (American) Airless Solution 


How do those guys on T'V get those cool wheels? Aren't they worried about the circular saws 
popping out of the ground? No. They're regular tube tires, but they’re foam filled by American 
Airless. You can use the same vendor as NPC Robotics to get your custom setup filled. They 
have excellent service, quick turnaround, and good prices. All they ask is that you advertise 
with a sticker. Apparently, they can fill almost anything, which frees you to use whatever rim, 
hub, and tire combination you want. 


Better Traction through Chemistry 


It’s possible to enhance your traction with aftermarket chemicals developed by the radio- 
controlled (R/C) car racing industry. Some manufacturers have separate compounds for rubber 
and foam tires. The following compounds can be applied to your tires to increase traction by 
attacking the tire material: 


m Trinity Zip Free (foam) 
m ‘Trinity Death Grip (rubber) 
m@ Paragon Ground Effects 
m@ Racer’s Choice FXII (foam) 
@ Racer's Choice TQ Sedan Grip ‘Blw (rubber) 
Hobby distributors who specialize in R/C car racing should carry these compounds. If you 


order by mail, place your order early, since the flammable compounds have to travel by ground 
and cannot be shipped by air. Tower Hobbies carries these products in its online store. 


Most of these compounds contain octyl and/or methyl salicylates, which are pretty nasty and 
Bae o strong-smelling chemicals. Make sure that you have adequate ventilation so you're not found 
‘.| collapsed over your robot with your face stuck to a pair of incredibly grippy tires. 








Wrapping Up 


There are a lot of wheel choices. The trick is to match the wheel to the arena, drive system, 
and robot size. A mismatched wheel can make an excellent drive system perform horribly, and 
result in bad maneuverability and no pushing power, while a well-matched wheel will ensure 


that all your horsepower is transformed into movement, bringing out the full performance of 
your drive system. 


Choosing Your 
Control System 


f the motors are the muscles of the robot, then the control system is the 

brain. This section will tell you what the brain has to do, and what your 

choices are. This chapter begins with standard radio controls, including 
the controls on a standard R/C transmitter, and some basic R/C concepts, 
such as servos, PWM signals, and mixing. Different radio features are dis- 
cussed, as well as price and receiver size. ’ll also talk about the IFI control 
system technology and features, and give you some important tips on cor- 
rectly using the system. : 


Control System Basics 


In order to compete, every robot must have a wireless control system. It’s just 
too fast and violent a sport to have a wire running from the robot to your 
control station. A wireless system consists of a ¢ransmitter and a receiver. 
The transmitter is what you use to send radio signals to control the robot. 
It’s either hand-held or has joysticks or other controls that plug into it. The 
receiver is the companion piece to the transmitter. It rides inside of the 
robot, picks up the radio signals and interprets them, and distributes your 
commands to speed controls, servos, and relays. 


As far as wireless systems go, you can choose one of two major routes: off- 

_ the-shelf standard radio control and IF Irobotics controls. The reason that 
there are only two choices is that competitions may have dozens of robots, 
and it’s easier for event organizers to deal with radios that fall into one of 
these two well-defined categories. Event safety is a major concern, and 
sticking to these technologies ensures that your signal won't end up 
inadvertently controlling someone else’s robot. 


Standard Radio Control 


Standard radio control (or R/C) is the easiest and cheapest way to control a 
robot. There’s a huge R/C hobby industry out there that predates robot 
combat, and you can buy R/C equipment at most hobby stores or online 

; hobby retailers. Depending on the complexity of the radio, prices can range 
| from moderate to expensive. 
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The Radio Signal 


An R/C transmitter sends out radio signals on a certain frequency, which is designated by the 
band and channel. The band is used to distinguish the base frequency. These bands have been 
set aside in the United States by the FCC (Federal Communications Commission) specifically 
for model applications. Flying models use 72 MHz, and surface (ground) models use 75 MHz. 
(See the “Switching to 75 MHz” sidebar in this chapter.) The band is further divided into 
channels, so that each plane flying at a competition can have its own distinct channel and won't 
interfere with the other planes. Because the individual models (planes, robots, cars, and so on) 
in an R/C system are noncoded, they may pick up signals from any transmitter, and interference 
happens when the signal from one transmitter interrupts the signal from another, causing 
unpredictable results. Since unpredictable results could spell disaster at a competition (personal 
injury), event organizers have gone to great lengths to prevent interference. (See the descrip- 
tion of transmitter impound in Chapter 20, “Going to a Competition.”) 


For a complete listing of frequencies sorted by band and channel, see Appendix F, “Tables and. 
Charts." 


| The system is completed as shown in Figure 13.1 by having a radio receiver in the robot on the 
same channel (frequency) as the transmitter. Both the transmitter (in the hands of the opera- 
tor) and the receiver (in the robot) need to be tuned to the same frequency. This is done with 
crystals. The transmitter and receiver each have a crystal that they use to lock in the correct 
frequency. 


joysticks 


transmitter 






cesta servos plug 
into receiver 






receiver 
receiver 
antenna 


Figure 13.1: Standard radio-control system diagram. 


When the system is working properly, a change in one of the controls on the transmitter 
should produce an equal change in one of the outputs (also called channels) on the receiver. 
Note that these channels are different from the radio-frequency channels mentioned earlier. 
The output channels of the receiver are numbered and an aircraft receiver can have as many as 
nine total. Normally, these channels correspond to specific controls on the transmitter, as 
shown in Figure 13.2. 


| System 






ch.6 - fiap [ ch.7 - spoiler 


ch.4 - rudder ch.1 - aileron 


ch.3 - throttle ch.2 - elevator 


rudder trim || = aileron trim 


throttle trim elevator trim 
Fiure 13.2: Standard R/C transmitter control and channel assignments. 


The channels have standard names and a standard order that comes from the hobby aircraft 

_ world. For example, moving the right stick from side to side will move a servo connected to the 
channel 1 (aileron) output of the receiver. (See the sidebar entitled “What’s a Servo?” for a 
description of a servo.) Since each axis of a stick is considered a different control, moving the 
right stick up and down will move a servo on channel 2 (elevator). Some high-end transmitters 
(such as the Futaba 9C and 9Z series) allow you to change (remap) the default channel assign- 
ment to a different control, which is handy for some situations. 
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Most of the hobby grade servos are small. If you need big power, then check out Chapter 18, 
7 “Choose Your Weapon,” for a discussion of making your own big servos. 


| The actual signals that come out of the channel outputs are pulse-width modulated, as 
described in the sidebar titled, “The PWM Signal.” All speed controls, servos, and R/C 
switches interpret their commands based on standard radio-control pulse-width modulation 


(PWM) signals. 


Mixing Your Signals 


Sometimes it’s advantageous to combine multiple controls to produce an output. This process 
is called mixing. A prime example of mixing for the robot builder is putting the drive controls 
on a single stick, also called “tank turn” mixing. Push the stick forward and the robot moves 
forward, pull it back and the robot backs up, and move it to either side and the robot turns in 
that direction. Sounds pretty simple, right? Here’s the kicker: Moving the stick into the upper- 
right corner should cause the robot to move forward wile veering to the right. But, as men- 
tioned previously, each axis of the stick is a separate control. Therefore, you've got to read both 
of these controls at the same time and figure in oth positions to generate a correct output. 


Since most robots have a left-side drive and a right-side drive, both sides need to be controlled 
at the same time. Now it’s suddenly starting to sound a bit more difficult. Don’t worry. Most 
midlevel radios have mixing built in. In fact, you can easily use the e/evon preprogrammed 
mode to perform the single stick mixing described earlier, as shown in Figure 13.3. Just activate 
elevon mode, and plug your speed controls into channels 1 and 2. The right stick will control 
the drive. 


You can also use programmable mixing to create special modes for inverted driving if your 

robot gets flipped over, for example. (More advanced mixing is discussed in Appendix A, 
“Advanced R/C Programming.”) If your radio doesn’t have mixing, you can also purchase an 
external mixer made by a third-party company such as Ohmark, Watt-Age, VeeTail, or 
RobotLogic that connects between the receiver and the speed controls and performs the same _ 
function. Finally, some two-channel speed controls (see Chapter 14, “Choosing Speed 
Controls”) have mixing built into them, so all you have to do is connect them to the receiver. 
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Figure 13.3: Tank turn steering with elevon mixing. 


It doesn't matter if you have two- or four-wheel drive (as described in Chapter 12, “Let's Get 


©} Rolling!"); the control signals are the same from a mixing standpoint. Also, if you have four 


| speed controls (two per side), the signal for each side can be split into two using a Y-connector. 
| That way, the same signal can go to both speed controls on the same side. 


Maybe you don’t want to have both controls on the same stick. That’s okay too. In that case, 
"you don't need any special mixing or preprogrammed modes. You can put the right speed con- 
trol on channel 2 (elevator) and the left speed control on channel 3 (throttle) and simply use 
the forward-backward axis on both sticks to drive. To go forward, you move both sticks for- 
ward. To go back, pull both sticks back. To turn right, move the left stick forward and the right 
stick back, and to turn left, do the opposite. 


Although I feel it’s more complicated, some builders prefer driving this way, much the way 
some car drivers prefer a manual transmission. Besides, with practice, anything can become 
second nature. The really important thing to keep in mind is that if you intend to drive with 
this method, make sure that you can get and install the forward-backward centering spring on 
the left stick. In nearly all aircraft radios sold in the United States, this control is the throttle, 
and it doesn’t normally come with a spring return. The throttle control usually comes with a 
ratchet installed so that it will stay wherever it’s set. You can drive using the ratchet, but it will 
make coming to a stop more difficult, because you'll have to concentrate on centering the stick 


manually, instead of letting the spring do the work. Tank steering without mixing is shown in 
Figure 13.4. 
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Ficure 13.4: Tank turn steering without mixing. 


Mixing can sometimes get pretty confusing. No problem. Here's a way to figure out exactly what 


y->. | signals are coming out of the mixing program. First, plug a servo into each output channel that 
-}| the mixing affects. Put a small piece of tape on the servo heads to mark the center, and then 
= | slowly move the control stick back and forth. The movement of each servo is exactly propor- 





tional to the commands that the receiver is getting from the mixing program. This is the same 
signal that will be passed to whatever is plugged into those channels, whether they are servos or 
speed controls. This is a good visual check if you're trying to determine whether a problem is in 
the radio or the speed control, or if you just need to get a handle on what's going on. 


What Kind of Radio Should | Get? 


You don't need the top-of-the-line radio to do well in battle. However, there are a few features 
that you should take into account when you go shopping, such as transmission type, features, 
receiver size, and cost. 


Transmission Type 

When it comes to transmission type, there are three choices: AM (amplitude modulation), 
PPM (pulse position modulation, also commonly called FM), and PCM (pulse code modula- 
tion). This particular aspect of radio technology is not so much a convenience as it is a safety 
issue. AM radio equipment should not be used in any combat robot. It’s too susceptible to 
outside interference and should be considered a safety risk. 


This leaves you with PPM/FM and PCM. Technically, both PPM/FM and PCM are FM 
transmission systems. The difference is in how the data is encoded. PCM data is encoded digi- 
tally, and gives a higher degree of immunity from noise than PPM/FM, because it has built-in 
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error identification. Invalid data packets are caught and thrown out immediately, before they 
can reach the outputs. PPM/FM data is analog, and incorrect data could be passed along to the 
output channels. 


Because of these varying degrees of resistance to interference, you will see that most low-end 


radios are AM, the midrange models are PPM/FM, and the high-end units are PCM. 


Brand and Features 


There are four major brands in the R/C market: Airtronics, Futaba, Hitec, and JR. The biggest 
and most popular brand of radio on the market is Futaba. 


The radio-frequency channels described previously in the section entitled “The Radio Signal” 
are an industry standard, and are the same for all brands, as are the default control assignments 
and corresponding receiver channel numbers. 


The following are common features that you'll find offered among the different brands. Just as 
all cars have turn signals and windshield wipers, the actual implementation of controls varies 
slightly among brands, but the basic function is the same. 


™ Number of output channels. Usually four to nine in aircraft radios, and three in pistol- 
grip R/C car radios. You'll need at least two for the drive, and any weapon on/off 
switches or other controls will require additional channels. 


m Servo reversing. Ability to reverse which way the servo turns relative to the control. 


ATV/EPA. Ability to adjust how far a servo can turn in each direction. 


= Dual rate/exponential. Adjustment for stick sensitivity and linearity (described in 
greater detail in Chapter 19, “Troubleshooting”). 


m User-programmable mixing. Ability to create your own mixing setups. 


m@ Preprogrammed mixing modes. Factory-programmed mixing setups, such as elevon. 


Multiple models. Lets you set up several different models (robots), so that each robot 
can have its own trim and mixing settings. 


m Failsafes. Returns servos to safe positions when radio contact is lost (described in greater 
detail in Chapter 17, “The First Test Drive”). Only PCM radios can take advantage of 
this feature. 


= Control reassignment. Ability to reassign controls to different channels (high-end 
Futaba radios only). 


~ Most low-end FM radios have at least reversing and ATV/EPA. Mixing is usually reserved for 
medium- to high-end radios, which have small computers. Having a computer radio isn't nec- 
essary, but I highly recommend it. 


Receiver Size and Weight 

As with every component that goes inside of the robot, size and weight are concerns. However, 
because R/C receivers are designed to be used in flying models, they’re very compact and light. 
(Component weight in an aircraft is much more critical than in a combat robot.) In fact, 
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almost all R/C receivers weigh less than 2 ounces. The case sizes vary with manufacturer and 
model, but they’re usually pretty small. For example, the largest Futaba receiver measures 


2.5" X 1.4" x 0.88". 


You should also figure into the weight a separate battery pack. Even though a BEC (battery 
eliminator circuit) would save weight by replacing the receiver battery, my personal feeling is 
that a separate battery is essential in preventing problems due to battery voltage dropouts, 
which can occur during pushing matches in the arena. 


Cost 


Generally, R/C transmitters and receivers are sold as packages, grouped together with a couple 
of servos, batteries for the transmitter and receiver, and a charger. Of course, features and brand 
affect price, but be prepared to pay anywhere from $150 to $800 for a package. 


If you're on a budget, as most of us are, try to leave yourself an upgrade path. Midrange radios 
are usually FM/PPM, but the Futaba 6XA series can also transmit PCM, allowing you to pur- 
chase an FM receiver and upgrade to PCM later by buying a PCM receiver. An upgrade to 
PCM will give you the ability to use failsafes. Note, however, that unless you purchase the 
6XAS-75MHz, you'll have to go through the retuning process. 


My pick for a great radio value is the Futaba 9CAP. It essentially has all the features of their 
flagship 9Z transmitter series, but at half the price. What’s more, it’s already tuned to the 
FCC-compliant 75 MHz surface model band. Make no mistake; it was made for robot 
combat. 


This will probably be one of the biggest single expenses associated with your robot. Think of it 
as an investment in your hobby. You can easily use the same radio with multiple robots. The 
same can't be said of most mechanical parts. 


You should purchase multiple crystals so that you have some backup choices if another robot is 
sing your frequency. They can be easily swapped out to change the channel. Make sure that 
ou purchase crystals that are made for your band. If you're running 75 MHz, then you need to 
buy 75 MHz crystals. Also, make sure that the crystals that you buy are compatible with your 
radio. Crystals from different brands of radios usually aren't interchangeable. You'll need to 
change the crystals in both the transmitter and receiver. 


This chapter is focused on introducing you to control systems and helping you decide which sys- 


«| tem is right for you. Several more technical concepts have been grouped into other sections, 





}| where the discussion is more applicable: 





m@ Radio tuning, including trim adjustment and failsafe setting is covered in Chapter 17. 

m Antenna placement and radio interference problems are discussed in Chapter 19. 

m™ An example of exponential programming to improve drive response is described in Chapter 19. 
m™ Advanced programming, including programming for inverted driving, is covered in Appendix A. 


m@ Using your radio to remotely activate something (such as a weapon) onboard the robot is 
discussed in Chapter 19. 
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The IFlrobotics System 


IF Irobotics has been providing control systems to the FIRST competition (a national high- 
school robotics contest) for years. Their equipment is very stable and robust, and is generally 
considered safer than R/C for large competitions. 
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Parts of the System 


In this system, the transmitter unit is called the operator interface (OI), and the receiver unit is 
called the robot controller (RC). You plug joysticks and other controls into the OI, which is a 
stand-alone (not hand-held) base unit. The speed controls and servos plug into the RC inside 
the robot. Unlike standard radio control, the IFI system transmits on 900 MHz using radio 
modems, as shown in Figure 13.5. This is a two-way signal, so the OI and RC transfer infor- 
mation back and forth to each other. For example, you can check the battery voltage on the 
robot while standing at your control station. This sort of information is impossible to get with 
a standard R/C system, which is a transmit-only, one-way system. 


AC power 
supply 


Operator Interface (Ol) 









motherboard 





a LAFF J 
gir ff 
Ly joystick 


Ficure 13.5: IFi control system diagram. 


radio modem 


Robot Controller (RC) 


Each data packet passed back and forth by the OI and RC has a team number associated with 
it. The RC will only listen to valid data packets that have the right team number. This elimi- 
nates the possibility of other transmitters being able to control your robot (unless they’re set to 
the same team number as you, they’re on the same channel, and they’re closer to the robot). 


Usually, competitions require that you set your team number to your pit table number. 


This inherent immunity to interference is a great safety factor. It also leads to another advan- 


4 tage for the robot builder: exemption from transmitter impound (described in Chapter 20). 


This doesn’t mean that you can fire up your system at any time and run around the pits. On the 
contrary, you will be required to use a /ether, which is a DB9 cable that connects the OI to the 
RC without transmitting any radio signals. 

















Flexibility 


The IFI system is also different than a traditional radio-control system because it has an 
onboard processor that runs a program. What makes it flexible is that you can perform math 
calculations, read sensors, set up whatever mixing you want, and even allow the robot to make 
some autonomous decisions. You can also perform timed sequences. For example, if you have a 
series of pneumatic valves that have to open at specific times in a specific order, then you sim- 
ply write it into your program. There’s no easy way to put a pause of any length of time in an 
R/C system. You can change the way the control system responds with just a few keystrokes 
without rewiring anything. Loading your program into the RC can be done from any PC, and 
only takes a few seconds. It usually takes longer to connect the cables. 


Make sure to leave yourself access to the program/tether port and the reset button when you 
mount the RC. If you don't, it may make debugging a lot more difficult. Also, make sure that you 
get the most recent version of the download software from the IFI Web site. 


The onboard computer based on the Basic Stamp IIsx (also called the BS2SX) uses the PBasic 
language for programming, which is probably the most popular language among electronics 
hobbyists. Check Appendix D, “Online Resources for Builders,” for a listing of Web sites that 
offer free downloadable support materials and tutorials for PBasic. Also, Programming and 
Customizing the Basic Stamp Computer by Scott Edwards (McGraw-Hill, 1998) and the Basic 
Stamp Programming Manual, published by Parallax (I have version 1.9) are the two best books 
that I can recommend. They are both easy to read and follow. 


It's a good idea to bring a laptop PC to the competition with a copy of your code. This will allow 
you to make minor changes easily, or even reload your code into a loaner RC in the event of 
damage. Remember, a DB9 cable is required to connect from the PC's serial port to the pro- 
gramming port on the RC. 


If you're not big on programming, don’t worry. Since the RC comes preloaded with a routine 
for single stick tank turn mixing, most competitors don’t even have to touch the software. You 
just plug speed controls into PWM1 and PWM2, and a joystick into Port 1, and you're ready 
to go for single stick control. If you prefer two-stick (nonmixed) control, plug joysticks into 
Ports 3 and 4, and speed controls into PWM4 and PWM5. If you have a weapon that requires 
a relay, the default code uses the Port 1 joystick button to control the relay 1 output and the 
Port 2 joystick buttons to control relay 2. 


[Fl has a series of relay switches (called Spike Relay Modules) that plug into the RC and can be pro- 
grammed to turn on valves and large solenoids. These switches are discussed in Chapter 18, and 
the programming is addressed in Appendix B, “IFI System Programming and Troubleshooting." 


Which System Should | Get? 


IFTrobotics sells two control systems: the Isaac 16 and the Isaac 32. The Isaac 16 is more than 
enough for most combat robots. If you need more than 16 digital inputs, 16 analog inputs, 8 
PWM outputs, and 8 relays, then you're building something other than a combat robot. 


The Isaac 16 RC measures 4.5" x 3.5" x 2" and weighs about half a pound with the mother- 
board. You should mount it by the holes on the sides of the motherboard with shock isolation. 








Neoprene sandwich mounts (as described in Chapter 4, “Selecting Materials,”) are perfect for 
this job, or just buy the shock mount kit made specifically for the Isaac system and sold by IFI. 


What to Expect at an Event 


At larger competitions, you will actually have IFI personnel at the event to run the Competition 
System in the arena. During a match, the Competition System provides the competitors with 
frequencies that aren't normally available. It is the highest level of interference protection, and 
ensures that youre the only person transmitting on a secure frequency. Every time you go up to 
fight, you'll connect the competition port on your OI] to the Competition System, which pro- 
vides power for the OI] and a radio modem that’s locked to one of these frequencies. 


At smaller regional competitions, IFI personnel may not be present. In this case, it’s good to 
have a few things prepared to make competing easier. You may not have AC power at the 
arena, so you should rig a 12-volt DC battery for the OI. Also, you should prepare a channel 
access adapter for the competition port, as described in the Operator Interface Reference Guide, 
available from the IFI Web site. When installed, the adapter (which is basically a DB15 con- 
nector with two pins shorted) will allow you to access additional frequencies, so that competi- 
tors in the arena can choose from four additional channels. It doesn’t offer quite the security of 
the Competition System, but at a smaller event, you'll have far fewer robots to deal with. 


IFl Usage Tips 


Here are some helpful tips to keep in mind when using the IFI system: 


m The joystick inputs on the IFI systems are intended for analog joysticks only. Newer dig- 
ital and USB joysticks will not work. You can use your own joystick, but it’s best to order 
a joystick from IFI when you purchase your system. It’s critical to have a really good | 
spring return or else your robot will start to drift when it’s supposed to be standing still. 
You could use the trims to correct this, but without good centering springs, it will just 
drift again in another direction the next time you move the stick and let it go back to 
center. The CH joysticks sold on the Web site have excellent springs and trim controls. 


Some people find it easier to maneuver their robots with a smaller control stick, like those 
found on R/C equipment. You can choose your own stick for use with the IFl system, with 
a few requirements: It has to be an analog joystick with a standard DB15 connector (no 
USB interface), there should be trims so that you can tune the idle position to prevent 
movement, and the centering springs should be good and tight. If you find that the robot 
is still drifting even after you've correctly set the trims once with the new joystick, then the 
centering springs aren't strong or precise enough. Unfortunately, IFl can only recommend 
the CH sticks they have on their Web site. Any other control stick will require some testing 
to make sure it's good enough. 


m@ Once the joystick trims have been set correctly to prevent robot movement when idle, 
they should be taped over to protect them from being inadvertently bumped. If you're 
really worried about not getting bumped, then you can also use hot-melt glue. 


m You should make a cover for the Isaac 16, or at least tape over the exposed PWM pins so 
that you prevent any random pieces of metal that enter the robot from shorting out these 
connections, causing damage to the RC. 











Cross-Reference 





m Usually, robots have metal armor on all sides, which essentially creates a sealed metal 
box, and makes it difficult to send and receive radio signals. You can help out your equip- 
ment by locating the RC near a slot or window in the top or side of the armor. You can 
cover this hole with Lexan for protection. The ideal situation would be a 4-inch diameter 
hole, but you can also get away with a 4" x 1/2" slot. Note that the antenna doesn’t have - 
to stick out of the robot. You just need a nonconductive path for the radio signals to 
enter and exit. 


m@ The RC should be located as far away as possible from any (electrically) noisy motors 
which may interfere with the radio signal. Remember to leave access to the 
program/tether port and the reset button on the RC so that you can easily plug in and 
tweak your existing program, or run off of the tether in the pits. 


m™ You should have a secondary power switch to be able to turn the RC on and off. The 
switch should be a shock-resistant one, as described in Chapter 16, “Wiring the 
Electrical System.” If you really don’t want a switch, then you must provide clear external 
access to the reset button on the RC, which is required so that you can reset the radio 
modem just before going to the arena, which will allow you to lock to one of the arena 
frequencies when you plug in your control system. 


= Mount your IFI control equipment (Ol, modem, joystick, and so on) to a piece of ply- 
wood or acrylic. That way it all stays together, and you don’t have the modem hanging 
down and getting banged around. Make sure to leave access to the competition port. You 
may not have a shelf to rest the system on, so bring something to use as a stand. I use a 
portable musical keyboard stand. 


Battle Hardened 


Unlike hobby R/C equipment, the IFI stuff is battle-hardened. ‘They have been constantly 


upgrading their equipment to meet the demanding needs of the combat robot. 


There are only a few drawbacks to this system. IFI units are larger and heavier than standard 
R/C equipment. They are also as expensive as the high-end R/C radios, with a complete 
system running at about $900. 


For interfacing and troubleshooting information on the IFI system, refer to Appendix B. 


Wrapping Up 


This chapter introduced the two major choices you have for control systems: radio control and 
IFI. They represent two different philosophies. The R/C system is simple and straightforward 
with the ability to do some mixing if you want. The IFI system is more complex, but has a 
large amount of flexibility to program custom-timing sequences and automatic weapons trig- 
gering. [he choice is up to you which way to go, based on the information in this chapter, 
including features, price, physical size and weight, and convenience. 
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Photo courtesy of BattlaBots, Inc. Copyright 2003. Photographer: Gorry Gay. 


Photo courtesy of BottleBots, Inc. Copyright 2003. Photographer: Daniel Longmire. 


Choosing Speed 
Controls 


ow you've got your control signals going out to the robot, but how 
exactly are you going to make the motors move? That’s where the 
speed controls come in. 





This chapter begins by giving you the basic run-down on these items, and 
where they fit into the whole system. I identify some important features to 
look for when selecting a speed control, and then show you the most popu- 
lar choices on the market and how.to use them effectively. Also included is a 
discussion of some other (newer) speed controls to consider and a few solu- 
tions that you should avoid using in a combat robot. I end by setting you 
loose on Project 6: Mounting the Electrical Components. 


The Basic Idea 


The job of the electronic speed control (ESC) is to transfer power from the 
batteries to the motors in an efficient and controlled way. It interprets the 
PWM signal coming from the receiver and, based on this information, 
decides the speed and direction to turn the motor. It accomplishes this con- 
trol by regulating the voltage that’s applied to the motor. The polarity deter- 
mines the direction, while the average voltage level determines the speed. 
The higher the voltage goes, the faster the motor wants to turn. 


-- Controlling voltage is only half of the battle, however, since you are trans- 
ferring power, and power is proportional to 4oth voltage and current. As the 
ESC raises voltage, the motor will ask for more current, and the ESC has to 
be able to supply enough to cover the demand. You run into problems when 
the motor wants more current than the ESC can handle. Your first instinct 
may be to use the speed control with the highest current-handling capability 
you can get. The tradeoff, however, is that the higher-performance controls 
are usually larger, heavier, and more expensive. So, what you really want is a 
speed control with enough rated capability to handle your motor, and a little 
bit extra, as a safety margin to help cover any unanticipated situations. 





ot: An Illustr 





Where Speed Controls Fit in the System 


As mentioned in the previous chapter, all of your commands are processed through the control sys- 
tem and come out of the receiver in PWM format. This goes directly to the speed controls. The 
ESC also has a direct link to the batteries on the input side and to the motors on the output side. 
Some speed controls are single-channel (one motor) and some are dual-channel (two motors). 
Both types are connected in the same place in the chain, as shown in Figures 14.1 and 14.2. 
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Ficure 14.2: Typical dual-channel speed control setup. 





Important Factors in Choosing a Speed Control 


The following items — current handling, durability, size and weight, mixing capability, and 
cost are characteristics that you should evaluate for the speed control that you intend to use. 
There are many tradeoffs, and you should be aware of the risks and benefits involved. 


Current Handling 


In general, more powerful motors will draw more current. However, most speed controls won't 
need to produce maximum current all the time. In fact, under normal conditions, the demand 
isn't that high. If the robot gets into a pushing match, or a wheel is jammed, this may create a 
stall condition, where the current demand goes through the roof, and then the speed control 
may suffer damage if it is not rated high enough. Given this, the ESC should ideally be chosen 
so that the maximum (intermittent) current-handling capability is greater than the motor’s 
peak (stall) current. 


High current-handling capability means larger size and higher cost. Therefore, your speed con- 
trol should be scaled to both your budget and your motor. You can use a higher-performance 
speed control with a small motor, but the size and cost may be overkill. 


Also, you should take into account the voltage that you're using with the motor. If you have a 
36-volt motor, for example, but are only using a 24-volt speed control, then you will never be 
able to achieve maximum power. Almost all the popular speed controls can handle up to 24 
volts, but as you get up to 36 and 48 volts, your choices become limited. 


Durability 


Although they’re not directly in harm’s way like armor or exposed wheels, speed controls are 
still subject to a large amount of damage if not properly shock mounted. Since they're full of 
tiny electronic components, they’re one of the most fragile parts of your robot. Some controls 
have socketed chips that can come loose during a large impact, or output transistors that 

can touch, rendering your otherwise robust drive useless. The way to avoid this failure is to 
protect and isolate your speed controls from large and violent jolts using neoprene sheet (old 
mousepads can be used) to cushion around the case. Be careful not to block fans and airflow 
pathways for cooling, or you'll cause the ESC to overheat, and eventually fry. Neoprene sand- 
wich mounts (described in Chapter 8, “Fasteners — Holding It All Together”) are also handy 


for shock isolation. 


You should also ask yourself if the speed control in question is battle-proven, and if you are 
willing to take the risk of proving it. Check out Appendix D, “Online Resources,” for the Web 
site addresses of several builders and the BattleBots Builder’s Forum, where you can see if 
someone has used a particular speed control in battle, and how it performed. 


" 





Size and Weight 


In most speed controls, weight isn’t a problem, because they're basically composed of electronic 
components on circuit boards. Some controls, however, have built in heatsinks, which add to the 
weight dramatically, but help improve performance. A heatsink is a piece of metal (usually alu- 
minum) that is thermally coupled to the power transistors. As the transistors generate heat, the 
heatsink draws it out and radiates it to the environment, helping to prevent overheating and 
potential damage. 


The size of an ESC can also be an issue, especially in the lower weight classes. Fortunately, 
smaller robots usually need less power than larger ones, and that means that the ESC can also 
be smaller. You should carefully check the size of the control that you want to purchase and 
make sure that you've got enough space for it in your frame. 


Mixing Capability 


As mentioned in Chapter 13, “Choosing Your Control System,” mixing is the ability to take sig- 
nals from two sticks or controls and combine them to produce an output. It’s required if you want 
to use single-stick tank-style steering. While most mid- to high-end radios have the capability to 
mix internally, some people prefer the ease of mixing that’s built into the speed control. There are 
a few controls that have multiple mixing programs built into them, and all you have to do is plug ~ 
into the receiver. The programs are selected by buttons or jumper settings on the ESC itself. 


If you've got a radio that’s capable of internal mixing, then you can get away with a less expen- 
sive speed control without built-in mixing. I personally prefer using the mixing on the transmit- 
ter, so I can change the settings without having to open up the robot (and in some cases, the 
speed control). 


For instructions on how to use your radio for internal mixing, see Appendix A, “Advanced R/C 
Programming.” 





Cost 


Most of us are pursuing this hobby on a budget. Compared to the radio, the speed control is 
probably the second biggest investment you'll make in the robot. In general, you've got to pay 
for performance, but there are some great values available. 


Also factor in the likelihood of damage. It’s rare that someone will blow a radio during compe- 

_ tition, but it’s all too common that someone will blow a speed control. You can never predict 
what's going to happen in the arena. Having spares on hand during a competition is an excel- 
lent idea. Imagine barely winning a match and then having to go into the next round with only 
half your drive. 





Popular Speed Control Choices 


Most robot builders stick with the battle-proven top three brands: Vantec, IF Irobotics, and 
4QD. This section will help explain their differences and discuss the strengths and weaknesses 
of the big boys in the speed-control market. 


Vantec 


Vantec has been around since the beginning. In those days, choices were limited, and if you 
didn’t have a Vantec, then you were stuck using an inferior hobby speed control. Their large 
and loyal following continues to this day. The RDFR (Director) series is the flagship of the 
Vantec line. These are high-power dual-channel speed controls with many mixing options built 
into the controller. They provide a convenient solution for competitors who can't mix in their 
radios and don’t want to deal with an inline mixing unit. A typical RDFR control is shown in 
Figure 14.3. 





Ficure 14.3: Sample Vantec RDFR controller. 


The RDFR line has an impressive range of voltages and current ratings, as listed in Table 14.1. 
Bear in mind when comparing size, weight, and cost that these are dua/ (two-channel) speed con- 
trols, as opposed to the size, weight, and price listings for the single-channel speed controls in the 
rest of this section. (Current ratings are for continuous and intermittent conditions.) 
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Generally, lightweights use RDFR22 and 23, middleweights use RDFR23, 33, and 36E, 
and heavyweights use RDFR36E, 38E, and 47E. However, actual control sizing should be 


done according to the motors used as per the recommendations on their Web site at www. 

vantec.com. The Vantec controls have been battle-hardened over several generations. Their size 
and weight are moderate, and they tend to be expensive (but remember, these are dual-channel 
controls). 
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Something to consider is that while a dual controller is much simpler to wire, and the built-in 
mixing is convenient to use, a major drawback is that if you blow one side, you'll have to replace 
the whole unit. This can get expensive, considering that the dual units typically cost a lot more to 
“| begin with. Fortunately, Vantec has an excellent replacement policy. This won't do much good 
while you're at the competition, though, so think about bringing spares if you can afford them. 


IFlrobotics 


IF Irobotics is newer to the combat arena, but has gained a reputation for bulletproof controls 
that are well designed and handle heaps of abuse, all in an affordable, compact package. The 
Victor 883 controller is the flagship of the IFI line. They also have a higher-power version 
called Victor 885 (previously known as the Thor 883). It has twice the continuous current 
rating, but fits in the same package, which has the smallest size and weight of all the high- 
performance controls listed in this section. An IFI controller is shown in Figure 14.4, and their 
specifications are listed in Table 14.2. 





Ficure 14.4: Typical IFI controller package. 


These are some of the least expensive and most available controls out there, with immediate 
delivery at most times, even when the demand is high, right before major competitions. This 
price allows competitors to keep a spare or two on hand without breaking the bank. 


Unlike most of the other brands, IFI speed controls feature active cooling. This allows them 
to get the most out of their electronics. (Current ratings are for continuous and intermittent 
conditions.) 
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Source: [FIrobotics Web site: www.ifirobotics.com. 


At press time, the high-voltage version of the Victor (up to 60 volts) has not been released yet, 


but should be available soon. 
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Single-direction speed controls such as the Victor SC and Thor SC that are intended for rotary 
weapons will be discussed in Chapter 18, “Choose Your Weapon.” 


Signal boosters are also available from other vendors, such as Team Delta. Check Appendix D for 
a listing of specialty electronics vendors. 
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4QD 


The 4QD controls are the most popular on the British robot fighting circuit. Their controls are 
geared towards golf carts and other small electric-powered vehicles that carry full-size adults. 
They have plenty of power to control robots that are small by comparison. Figure 14.5 shows a 


4QD controller. 





Figure 14.5: A 4QD 200 series controller. 


While 4QD has many speed controls in their line, the most popular among robot builders 
are the NCC, Pro, and 4QD series. The NCC is the economy line, with 35-amp and 70- 
amp versions; the Pro is the midgrade line, with 110-amp performance; and the 4QD series 
are the big boys, with 150-, 200-, and 300-amp versions. The models and their various 
characteristics are shown in Table 14.3. (Current ratings are for continuous and intermit- 
tent conditions.) 
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- Source: 4QD Web site: www.4qd.co.uk. 


The sizes and weights are provided for the board only on the NCC and Pro series. (You've got 
to make your own case.) The 4QD series comes complete with a case and (massive) heatsink. 
These controls are more on the heavy side compared to most controllers (thanks to the built-in 
heatsinks), but they are well designed and have tons of internal protection devices. 


Unlike most speed controls, the NCC and Pro series controls use relays to switch between 
forward and reverse. Some builders believe that having this mechanical element lowers the 
reliability of the control. As the flagship of the line, the 4QD series is fully solid state, and the 
philosophy of this speed control is to make something so robust that the idea of failure is 
ludicrous. (Really, read the 4QD manual.) When you see a 4QD controller, you'll know why. 
They're beefy. | | 


Interfacing to the 4QD Controllers 


Since the 4QD products are geared towards the vehicle market, they do not come with an R/C - 
interface. You will need a special interface board to translate the receiver’s PWM signals to 
something that the 4QD controller can recognize. 


For some time, the standard interface has been an analog board called the DCI (Dual Channel 
Interface), which costs about $30. The idea is that you connect two servos to two pots that plug 
into the board. The DCI has built-in two-channel mixing for tank steering, and provides the 
necessary interface signals to command two NCC, Pro, or 4QD controllers. This setup is elec- 
trically isolated from the controller, so it prevents any noise from being coupled back into the 
receiver, but as with any physical servo interface, if the receiver loses power, the servo will stay 
exactly where it was last, even if this is full forward. (Note that this is different from a failsafe 
condition, where the receiver loses valid signa/ from the transmitter.) 


4QD has just introduced a line of digital interfaces called the SMR (single-channel, $30) and 
DMR (dual-channel, $60). Unlike the DCI, which has a servo mechanically coupled to a pot, 
these boards are fully electronic. Unfortunately, the SMR and DMR boards only offer “64 states 
of resolution.” That’s pretty choppy, and you will probably see a stepped response, rather than a 
typical smooth response as you move the joystick up and down. It is, however, proportional. The 





good news is that 4QD is designed in a failsafe mode that shuts down the controller if the 
receiver loses power, or otherwise fails to generate the PWM signal. 


4QD Checklist for Robot Builders - 


The following features of the 4QD speed controls are intended to enhance safety for vehicles, 
but in practice, tend to get in the way of robot builders. 


m The default state of each control is to go half speed in reverse. Make sure to disable this 
feature, giving you full reverse speed (also called symmetrical reverse). 


m Another protection feature is a low-battery shutdown monitor. When the supply battery 
gets too low, the controller shuts down. It should be defeated since momentary dips in 
the battery supply could cause the speed control to cut out-—— usually at the worst time. 


m Lastly, a safety feature of the 4QD called HPLO (high pedal lock out) ensures that the 
control wont fire up if the signal to a channel is at maximum. Unfortunately for the 
robot builder, this may also cause an inopportune shutdown during a power fluctuation 


and should be disabled. 


Other ESC Choices 


You don't necessarily need to go with the big three mentioned previously. There are quite a few 
' other choices out there, including the OSMC controllers, the Robotic Sporting Goods RSGSS, 
and the Roboteq AX2500. This section will describe some of their benefits and drawbacks. 


Open Source Motor Controllers (OSMC) 


The Open Source Motor Controllers produced by Robot Power (OSMC) and Robot Solutions 
(MC1-HV) are based on the concept of making very high power yet affordable kit-based 
speed controls. They have separate power and logic boards. The power boards are single chan- 
nel and run on 13 to 50 volts DC with a continuous current rating of 160 amps and a peak of 
400 amps. The logic boards (called Modular OSMC Brains, or MOBs) are required to inter- 
pret the signals from the receiver and generate the control signals for the power board. The 
separate logic board allows for more system flexibility, and this system is packed with features. 
Since this is a newer solution, few competitors are using the OSMC and MOB at this time. A 
fully assembled and tested combo of an MOB and two OSMC boards (dual-channel con- 
troller) goes for about $400. 


Robotic Sporting Goods 


Robotic Sporting Goods has introduced a controller called the RSGSS. This dual-channel 
speed control runs on 15 to 36 volts DC, and can source 60 amps continuous and 300 amps 
peak (pulsed). There are two built-in mixing modes available and the controller interfaces 
directly with standard R/C equipment. Fully assembled, the controller weights 20 ounces and 
measures 6" X 4.2" x 1.5". It’s available from Robotic Sporting Goods and Robot Marketplace 
for around $250. Kit versions are available for significantly lower prices. 








Roboteq AX2500 


Created by a company called Roboteq and available through NPC, the AX2500 is a dual- 
channel speed control that runs on 12 to 40 volts DC and can source 120 amps continuously, 
with a peak of 250 amps. These specs put it in the heavyweight (and up) category of controls. 
This is a new speed control to the combat robot market, but a promising contender. Since it 
was only introduced at press time, 1 haven't seen any competitors use it yet. 


It conveniently features a direct interface to a radio-control system, as well as an RS232 com- 
munication port. The real strength of the AX2500 is the powerful built-in processor that offers 
mixing for tank-style steering, joystick calibration, deadband adjustment, and exponential 
curves. In addition to the standard open-loop speed mode, the controller has a closed-loop 
position mode, which means it can be used to create your own high-power servos (with an 
external position-sensing potentiometer). 


It’s on the large side, with basic dimensions of 6" x 5.5" x 1.6", and a weight of 32 ounces. The 
$485 price tag puts it in direct competition with the upper-end Vantec controls. I am interested 
to see if it catches on with competitors. 


Hobby-Grade Speed Controls 


Using a speed control made for the hobby radio-control market used to be the cheap route. 
Since the introduction of the IFI controller, there is much less incentive to use hobby con- 
trollers, since the prices are about the same. In fact, most hobby controllers have several disad- 
vantages. First, going in reverse is standard for a combat robot, but in the R/C world, where 
they race around a track, it’s pretty rare. Even if you do find a controller that goes in reverse, 
chances are good that it has a momentary delay. This delay is meant to protect the small gear- 
boxes in R/C cars, but can make it very difficult to maneuver a robot, especially when you want 
to spin, where one motor goes in forward, and the other goes in reverse. That delay means that 
after a second, the other motor will kick in and drastically change the rate at which you're turn- 
ing. Save yourself the difficulty and get an IFI controller. It’s about the same price, and you'll 
be much happier. 7 


Nonproportional Speed Controls 


You may be tempted to try using binary (on/off) type speed controls. Resist that urge. What 
this means is that you will be jamming maximum voltage into your motors, slamming them 
back and forth. It’s very hard on the motors and gearboxes. All commercial speed controls have 
some sort of ramp to protect your motors. 


The only situation where this might work is if you have low-RPM, high-torque gearboxes and 
small wheels. This will make for a slow but positionable robot that won't spin out when com- 
manded to go forward. The problem is that while your driving may be manageable, the other 
robots will probably run circles around you. 


Binary speed controls (relays) are good for one thing: turning big motors on and off. Don't try 
to drive your robot with a relay. Save it for the weapon. 





Project 6: Mounting the Electrical Components 


By now, the foundation of your project robot is in place. In this project, you'll apply the motor, 
electrical, and control concepts learned here and in the last few chapters to install brackets to 
hold the receiver and its battery. You will also mount the speed controls and the main battery. 
You'll get some experience with extruded aluminum material, which is available in many useful 
profiles, such as U and L. Velcro (along with a secondary restraint) will be used as shock- 
absorbing and mounting material for these sensitive electronic components. 







Caution | Eye and ear protection are mandatory for cuts using the miter saw. It is incredibly loud, and 
~~ 4 pieces of metal will be flying everywhere. When using the rest of the tools in this project, you will 
ON>-| need eye protection. 


Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal,” 
"/7-\{ as well as the sections that correspond to the specific tools used below. 





~~ Making the Receiver and Battery Brackets 


The receiver and its battery will both be mounted to tall L-shapes that you'll make by modifying 
some U-shaped extruded aluminum. Both components will be mounted with both Velcro and 
cable ties, since either method alone won't be enough to hold them in place during a large impact. 


1. Cut two 2-inch long pieces of the 1" x 2" extruded aluminum U-channel with the miter 
saw. Since the stock is provided in 8-foot lengths, you will need extra support as shown 
in Figure 14.6. Make sure that the stock is flat on the table in the area around the blade. 
Make sure to use WD-40 or another lubricant when cutting. 





Roboteq AX2500 


Created by a company called Roboteq and available through NPC, the AX2500 is a dual- 
channel speed control that runs on 12 to 40 volts DC and can source 120 amps continuously, 
with a peak of 250 amps. These specs put it in the heavyweight (and up) category of controls. 
This is a new speed control to the combat robot market, but a promising contender. Since it 
was only introduced at press time, I haven't seen any competitors use it yet. 


It conveniently features a direct interface to a radio-control system, as well as an RS232 com- 
munication port. The real strength of the AX2500 is the powerful built-in processor that offers 
mixing for tank-style steering, joystick calibration, deadband adjustment, and exponential 
curves. In addition to the standard open-loop speed mode, the controller has a closed-loop 
position mode, which means it can be used to create your own high-power servos (with an 
external position-sensing potentiometer). 


It’s on the large side, with basic dimensions of 6" x 5.5" x 1.6", and a weight of 32 ounces. The 
$485 price tag puts it in direct competition with the upper-end Vantec controls. I am interested 
to see if it catches on with competitors. 


Hobby-Grade Speed Controls 


Using a speed control made for the hobby radio-control market used to be the cheap route. 
Since the introduction of the IFI controller, there is much less incentive to use hobby con- 
trollers, since the prices are about the same. In fact, most hobby controllers have several disad- 
vantages. First, going in reverse is standard for a combat robot, but in the R/C world, where 
they race around a track, it’s pretty rare. Even if you do find a controller that goes in reverse, 
chances are good that it has a momentary delay. This delay is meant to protect the small gear- 
boxes in R/C cars, but can make it very difficult to maneuver a robot, especially when you want 
to spin, where one motor goes in forward, and the other goes in reverse. That delay means that 
after a second, the other motor will kick in and drastically change the rate at which youre turn- 
ing. Save yourself the difficulty and get an IFI controller. It’s about the same price, and youll 
be much happier. 


Nonproportional Speed Controls 


You may be tempted to try using binary (on/off) type speed controls. Resist that urge. What 
this means is that you will be jamming maximum voltage into your motors, slamming them 
back and forth. It’s very hard on the motors and gearboxes. All commercial speed controls have 
some sort of ramp to protect your motors. 


The only situation where this might work is if you have low-RPM, high-torque gearboxes and 
small wheels. This will make for a slow but positionable robot that won't spin out when com- 
manded to go forward. The problem is that while your driving cay be manageable, the other 
robots will probably run circles around you. 


Binary speed controls (relays) are good for one thing: turning big motors on and off. Don't try 
to drive your robot with a relay. Save it for the weapon. 
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Project 6: Mounting the Electrical Components 


By now, the foundation of your project robot is in place. In this project, you'll apply the motor, 

— electrical, and control concepts learned here and in the last few chapters to install brackets to 
hold the receiver and its battery. You will also mount the speed controls and the main battery. 
You'll get some experience with extruded aluminum material, which is available in many useful 
profiles, such as U and L. Velcro (along with a secondary restraint) will be used as shock- 
absorbing and mounting material for these sensitive electronic components. 


Eye and ear protection are mandatory for cuts using the miter saw. It is incredibly loud, and 
< | pieces of metal will be flying everywhere. When using the rest of the tools in this project, you will 
‘4 need eye protection. 


] Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal,” 
om as well as the sections that correspond to the specific tools used below. 





Making the Receiver and Battery Brackets 


The receiver and its battery will both be mounted to tall L-shapes that you'll make by modifying 
some U-shaped extruded aluminum. Both components will be mounted with both Velcroand  __ 
cable ties, since either method alone won't be enough to hold them in place during a large impact. 


1. Cut two 2-inch long pieces of the 1" x 2" extruded aluminum U-channel with the miter 
saw. Since the stock is provided in 8-foot lengths, you will need extra support as shown 
in Figure 14.6. Make sure that the stock is flat on the table in the area around the blade. 
Make sure to use WD-40 or another lubricant when cutting. 











Figure 14.6: Support for cutting long stock on the miter saw. 


2. Attach the hole pattern using spray adhesive and drill the 1/4-inch holes in each of the 
brackets. When holding the U-channel in the drill press vise, it’s better to use a scrap 
piece of metal to clamp the middle of the U, as shown in Figure 14.7. 


3. Use the bandsaw to cut off the top of both U-channels so that the battery and receiver | 
can both ride up a little higher when installed on the bracket. 


4. Use the disc sander to true up the cuts and then take the pieces to the deburring wheel to 
finish off the edges. 









Fiure 14.7: Clamping 


the U-channel in the drill press vise. 


5. Mark a 1/8-inch deep by 1/4-inch long notch on each side of both brackets about 1 inch 
up from the base to keep the cable tie from slipping off the bracket. 


6. Use the bandsaw to cut out the notches, and clean them up on the deburring wheel. 


7. Apply Velcro to both brackets on the inside of the remaining L-shape and to the back of 
the receiver and its battery. 


8. Install the brackets with 1/4"-20 x 3/8-inch long button-head cap screws using Loctite, 
and attach the battery and receiver. Secure each with an 8-inch long cable tie, as shown 
in Figure 14.8. 









Installing the Speed Controls 


In this series of steps, you'll connect electrical leads to the speed controls using the stripper and 
crimper and mount them to the baseplate using Velcro. (Other shock-mounting options are 
discussed in Chapter 8.) Since the Velcro won't be enough to hold the speed control in place, 
we'll use screws as a secondary restraint. 


1. First, cut down the fan leads to 4 inches and crimp on a 22-18 GA #8 stud ring terminal 
to each lead. Because the wire is smaller than 22 GA, you should strip the end twice as 
long as you normally would, and then fold it back to double the diameter before crimping. 


2. Cut a 4-inch and 16-inch length of both red and black 12 GA Deans Ultra or Wet 
Noodle wire. Strip the ends and crimp on a 12-10 GA #8 stud ring terminal to one end 
of each lead. 


3. Screw the 4-inch pair onto the speed control that will be mounted closer to the master 
power switch, along with the fan leads. Twist the red and black leads together on the 
16-inch pair and connect it to the other speed control along with its corresponding fan 
leads. Both the 12 GA wires and the fan leads should be installed on the “power in” 
terminals of the speed controls. Make sure to connect red to +V and black to GND. 


4, 7 
_ is flat and tightened securely to the robot's base. 1 


. Apply Velcro to the bottom of both speed controls and to the baseplate. 


5. Cut down the 6"-32 x 1'/-inch long alloy steel socket-head cap screws with a crimper 


that has a built-in bolt cutter, as described in Chapter 8. 


. Attach the speed controls to the Velcro on the baseplate and secure them with the 


screws you cut down in Step 5. Don't tighten the screws all the way down or you'll 
overcome the shock-mounting properties of the Velcro; they're just a secondary safety 
measure. You should, however, put Loctite on the screws to make sure they don’t work 
themselves loose due to vibration. Route the longer pair of leads around where the bat- 
tery would be. 


Once the speed controls are mounted, you can pull the motor leads over to them and 
trim them off, leaving a little slack. Strip the ends and crimp on a 12-10 GA #8 stud 


ring terminal to each lead. 


. Screw the terminals on to the motor output of the speed controls, making sure to flip the 


polarity of one set of leads. Remember that one of the motors has to turn backwards for _ 
the robot to move forward. 


ne oe over and bolt the templates on, 
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Making the Battery Rails 


The battery rails will help prevent the heavy main battery from sliding around on the inside of 
the robot. They will be simple lengths of L-channel bolted to the baseplate. The receiver bat- 
tery bracket and the switch bracket (see Project 7) will also be mounted around the battery so 
that it’s captured on all four sides. 


1. Using the miter saw or the bandsaw, cut two 2-inch long pieces of 3/4-inch extruded 
aluminum L-channel. Note that when using the miter saw, you'll need a scrap block of 
metal to apply the clamping pressure to the L-channel, which sits too far back for the 
clamp to effectively hold it in place. 





2. Clean up the cuts on the disc sander and deburring wheel. You may need gloves if the 
part gets too hot. You can cool the aluminum in a bowl of water when you're done. 


3. Apply the hole pattern with spray adhesive and mark the holes with an automatic center 
punch. 


4, Use a scrap block of aluminum to get a better hold on the L-channel, similar to the way 
you clamped the U-channel before. 


5. Make sure to deburr all holes with a countersink. Install the rails on the base using 
1/4"-20 x 3/8-inch long button-head cap screws using Loctite. ; 


Making the Battery Plate Using the Bandsaw 


Next, you'll be making a Lexan plate that holds down the main battery so that it can'tjump ° 


over the rails or otherwise come loose. This is an example of an operation where the bandsaw | 

really shines for cutting out parts. It’s much easier to manipulate the plate by hand for intricate 

cuts than it is to wield the bulky jigsaw. You'll be using a paper template from the Kickin’ Bot 
Web site to create the right shape and hole pattern. 


1. Rough cut a 6" x 6" piece of 1/4-inch polycarbonate from the scrap left over from cut- 
ting the top armor. 


2. Apply the pattern for the battery plate using spray adhesive. 

3. Drill the 1/4-inch holes as indicated on the drill press. 

4. Use the bandsaw to cut out the true outline of the plate. 

5. Remove the pattern and use Goo Gone to get rid of any leftover sticky residue. 


6. Clean up the edges on the disc sander, being careful to stay on the side of the disc that’s 
rotating down into the table, and not crossing the middle of the disc to the side rotating 
upwards, as described in Chapter 6, “Shaping and Finishing Metal.” 


7. Use a flat file to remove any sharp edges around the plate. 
8. Use the countersink to chamfer the holes, both on top and bottom. 


9. Place the main battery on the base and install the plate with four 1/4"-20 x 2*/"-long 
bolts using Loctite, so they don’t loosen during combat. Optionally, if you would like to 
place a bit of foam underneath the battery (which is a pretty good idea), then you will 
need slightly longer screws. Unfortunately, the next size up is 2’/-inch long, so you may 
have to cut your screws down using a hacksaw or Dremel tool with an abrasive disc. 
When using the abrasive disc, a full-face shield is mandatory. Make sure to put a slight 
chamfer on the edges of the screws you cut down with the disc sander and clean up the 
edges with a deburring wheel. 


















































t: An Illustrate 


Wrapping Up 


Like most components for the robot, there are a lot of choices out there, but at least you can 
learn the important things to look for when selecting a speed control. There a lot of issues to 
consider, and hands-on work with the control systems and electrical components is an excellent 
way to learn them, as demonstrated in Project 6. The main thing to remember is that your 
speed control should be able to handle the requirements of your motors, be reliable under 
extreme combat situations, and be proportional, so that you don't limit your mobility. 


Choosing Batteries 


atteries are the heart of your electrical system. They've got to provide 

all the power that you need for the entire length of a match. Batteries 

come in all shapes and sizes, and you've got to choose carefully, since 
they are potentially some of the heaviest and most expensive items on the 
robot. 


The goal of this chapter is to help you match your battery to your robot by 
estimating how much power you'll need for a typical fight. I also discuss 

basic battery types used in robot combat, and their strengths and weak- 
nesses, weights and prices, and how to estimate exactly how much power 
you ll get out of a particular type of battery. Finally, there’s a discussion of 
safety when handling batteries and how to secure your battery in the robot, 
along with Project 7: Wiring the Electrical Components. 
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Battery Capacity 


The first step in selecting batteries is to determine how much power you 
need. If you underestimate, you could be stuck out in the middle of the 
arena, crawling along and getting pummeled by your opponent. Not a very 
appetizing scenario. If you overestimate, you could end up spending a lot 
more money than you might want, and more importantly, wasting precious 
weight that could go towards armor or weapons. 


How Much Power Do You Need? 


By now, you should have chosen your motors for drive and weapons (if 
you've got electric weapons, that is). You'll be referring to the spec sheets for 
those motors to find important information about their rated voltage and 
current consumption. These are the pieces of information that you'll need to 
roughly determine how much power will be required out in the arena. I say, 
“roughly determine” because anything can happen out there, and you can 
only make an educated guess. 





When you estimate how much power you'll need, what you're actually going 
to find is the amount of current that’s required. Since electrical power is the 
product of voltage and current, and: the voltage will remain fairly constant, 
current is the thing that will change to meet the increase in power requested 
by the motors. 7 


it: An Illustrated 





Two popular techniques have evolved to help the robot builder calculate how much current is 
required to complete a match: the load profile method and the torque constant method. 


] The stall current and torque constant (K,) for many popular robot combat motors can be found 
7 in Appendix F, “Tables and Charts," to help you estimate battery requirements using these 
1 methods. 





Load Profile Method 


The load profile method is based on the idea that you're constantly moving during combat, and 
that this movement can be divided into five basic types, each with a different demand for cur- 
rent. These types are: stall, pushing, accelerating, cruising, and stopped. Stallis attempting to push 
with the motors, with the robot held at a dead stop. ‘This is the most demanding condition. 
Pushing is the next most demanding condition and happens when you manage to move against 
another robot. Accelerating is when you move the robot from a stop, or change direction during 
a turn, which is the third-highest demand condition. Cruising is just driving around, which 
requires a relatively small current. Stopped is a pause in the action, where the robot is standing 
still, with virtually no current draw. 


You assign an amount of time in seconds to each category, based on your guess of how long 
you ll spend doing each one. You can't assume that you'll be just cruising all the time, because 
every time you maneuver, that counts as acceleration. Also, you should figure in more or less 
pushing based on your robot’s configuration and strategy. For example, a wedge may spend a 
lot more time pushing than a flipper robot, which may spend most of its time maneuvering. 


Most motor manufacturers will provide you with the stall current. You have to scale everything 
from the stall current, figuring that the pushing is about 80 percent of stall, acceleration is 
about 30 percent of stall for a two-wheel drive robot and 40 percent for a four-wheel drive slip- 
steer robot (because of higher friction in a turn), and cruising is about 15 percent. Assign a zero 
current to the stopped condition. Multiply each segment’s time by the scaled current, and add 
them all up to get the total number of amp-seconds required. Since large batteries are rated by 
the manufacturers in amp-hours (Ahr), you'll have to convert to amp-hours by dividing the 
total amp-seconds by 3,600. This will be the theoretical amount of battery capacity in amp- 
hours (more on amp-hours later) needed per motor to complete a match. Finally, multiply by 
the number of motors to get the total required capacity. 








. 7 | 
The problem with this technique is that since every match is different, it’s really hard to come " 
up with an accurate estimate for how long a robot will be in any one of these states. The accu- ) 
racy depends heavily upon your statistical guess for each of the time periods. To cover this, you 


should multiply the result by 1.5 to give yourself a safety factor of 50 percent. 
For example, a four-motor, four-wheel drive slip-steer robot with a hammer weapon: 
Given: Stall current = 100 amps, total time = 180 seconds (3 minutes) | 
Stall: 10 sec x 100 amps = 1,000 amp-seconds | | i 
Pushing: 35 sec x 80 amps = 2,800 amp-seconds | 
Acceleration: 30 sec x 40 amps = 1,200 amp-seconds : 
| Cruising: 90 sec x 15 amps = 1,350 amp-seconds : , | 
Stopped: 15 sec x 0 amps = 0 amps = 0 amp-seconds | | 
Total = 6,350 amp-seconds / 3,600 seconds/hour = 1.76 amp-hours per motor - 
Total required capacity = 1.76 amp-hours x 4 motors = 7.04 amp-hours : : 
Safety factor adjustment = 7.04 amp-hours x 1.5 = 10.56 amp-hours | *& 


Torque Constant Method 


While more of a brute-force technique, the torque constant method provides a suitable safety i) 
factor to cover those situations that simply can’t be uae ahead of time. The technique 


goes like this: | 
1. Divide the robot’s weight by the number of motors you're using (not the number of 
wheels, since multiple wheels can be connected to the same motor by roller chain and | 
sprockets, for example). This will give you a number in pounds that each motor will be i 
pushing. 7 


Example: 120 lbs robot with four drive motors, 120 lbs / 4 motors = 30 lbs 


. ff 
2. Multiply the adjusted weight by the wheel radius in inches to get the required torque in | 
pound-inches. (Since torque is the product of force and distance.) i 


Example: 7.5-inch wheel dia. = 3.75-inch ae 3.75 inches x 30 Ibs = 112.5 


pound-inches 


3. Divide the torque by the gear ratio (if you ie an external gearbox or chain and 
sprocket system) to get the torque at the motor in pound-inches. You can skip this | 
step for gearmotors that are specified with the gearbox attached. 


Example: 8.33:1 gear ratio, 112.5 in-Ibs / 8.33 = 13.5 in-lbs per motor 


4. If the motor’s torque constant K, is specified in ounce-inches per amp, then convert the | 
torque in pound-inches to ounce-inches by multiplying by 16. If it’s specified in pound- 
inches per amp, then skip this step. 


Example: K, = 6.6 oz-in per amp, 13.5 in-lbs x 16 = 216 oz-in per motor 


it 





5, Divide the torque at the motor by the motor’s torque constant K, (in ounce-inches per 
amp or pound-inches per amp) to get the number of amps for each motor. 


Example: 216 oz-in / 6.6 oz-in per amp = 32.7 amps per motor 


6. Multiply the number of amps per each motor times the number of motors to get the 
total number of amps required to push your robot. 


Example: 32.7 amps per motor X 4 motors = 131 amps total 


7. Multiply the total number of amps required by the match length in minutes, and divide 
by 60 to convert to hours. This will give you a figure for amp-hours, which is the unit of 
measure for battery capacity. 


Example: 3 min. match, 131 amps x 3 min / 60 min = 6.55 amp-hours 


Although the above two examples have been calculated with regulation 3-minute matches, | try 
7 to have some reserve capacity, since in BattleBots, the free-for-all rumbles, which come at the 
4 end of regulation competition, have a 5-minute duration, and tend to involve a lot more pushing 
4 and stall conditions than a regular match because there are so many robots in the arena at once. 





Figuring in Weapons | 

Remember that you've also got to consider any electric-powered weapons or self-righting 
mechanisms in your calculations. You can use the load profile method to calculate the required 
current. In the case of a spinning weapon, you'll be concentrating on the acceleration and cruis- 
ing segments. 


Estimating a Battery's True Capacity 


All commercial batteries are rated by the amp-hour. It’s an industry standard that also happens 
to be a major source of confusion for the robot builder. Theoretically, this establishes a figure 
that you can scale by the rate of consumption. For example, a 10 amp-hour battery can deliver . 
10 amps for 1 hour, 20 amps for half an hour, and 5 amps for two hours, with the capacity the- 
oretically remaining the same. In practice, however, this rating is usually only true for a 20-hour 
discharge rate in sealed lead acid batteries, and a 1-hour discharge rate in nickel-cadmium and 
nickel-metal hydride batteries. The capacity won't remain the same as you increase the con- 
sumption rate, and in fact, it will begin to decrease at an exponential rate. (You can tell because 
roughly linear-looking discharge data curves are published on log-log graphs —if you're truly 
interested in predicting the response, you can use a mathematical power series to get the equa- 
tion.) Since the discharge rate we're interested in is going to be in the minute range (a really 
high rate), the true amp-hour capacity will be only a fraction of the rated capacity. 


To get a rough idea of the actual capacity of a battery in time segments that are more appropri- 
ate for robot combat, you can use a process called de-rating. You can de-rate a battery by multi- 
plying the manufacturer's amp-hour rating by a correction factor, which will give you a more 

realistic capacity for the 5-minute range. You'll see from the tables in the “Basic Battery Types” 





section that SLA batteries should be multiplied by a de-rating factor of 30 to 40 percent, eile 
NiCad and NiMH cells should use a 85 to 90 percent factor. 


Increasing Voltage and Current 


Many off-the-shelf batteries come in a standard 12-volt size. What if you want to run your 
motors at 24 volts? What if the batteries don't have enough capacity? Not to worry. You can 
increase the voltage and current of your system by arranging the batteries in different configu- . 
rations. A series connection will increase the voltage without affecting the current capacity, and 
a parallel connection will increase the current without changing the voltage. A combination of 
the two can yield an increase in both voltage and current. 


Series Connection 


A series connection, shown in Figure 15.1, means that the positive terminal of one battery is 
connected to the negative terminal of another battery. The positive output lead is connected to 
the remaining positive terminal, and the negative output lead is connected to the remaining . 
negative terminal to create a stacked battery. This only increases voltage by the sum of the bat- 
teries in series, not the current capacity. For example, you can put two 12-volt, 7-amp-hour 
batteries in series to make a 24-volt, 7-amp-hour battery, and three batteries in series to make a 


36-volt, 7-amp-hour battery. 





FicurE 15.1: Series battery connection. 


It’s possible to éap off'an intermediate voltage in a series configuration to run a receiver or other 
lower voltage item. However, I strongly recommend that whatever you connect to the tap 








_ should be very low-draw. If you have a 24-volt drive system, but a 12-volt weapon motor, then 
I would not suggest tapping off one of the 12-volt cells in series. It will draw too much current 
down that leg, and may result in uneven charging and possible damage to the battery. 


As mentioned in Chapter 13, “Choosing Your Control System,” it's not recommended that you 
power the receiver from the drive batteries. You should use a separate, small-capacity battery 
instead. This will help prevent any glitches due to dips in the main battery's voltage. The power 
consumption is pretty low for a receiver, so the battery doesn't have to be huge. However, your 
power consumption may be higher if you're running several servos. 


Parallel Connection 


With a parallel connection, as shown in Figure 15.2, the positive terminals of both batteries are 
connected together and form the positive polarity output. The negative terminals are connected 
together to provide the ground reference. This will increase the overall battery capacity as the 
sum of the individual capacities of all the packs in parallel. For example, you can put two 
12-volt, 7-amp-hour batteries in parallel to make a 12-volt, 14-amp-hour battery. Three of 
these batteries would produce a 12-volt, 21-amp-hour battery, and so on. It is essential that 

the batteries you connect in parallel be the same voltage and current capacity, as well as state of 
charge. They should be the same brand, and ideally, a similar age. When you connect two cells. 
in parallel, they will attempt to equalize voltage. If the cells are significantly different in any 
way, it will cause current to flow between the cells, as the one with the higher voltage will 
attempt to charge the one with the lower voltage. Since the resistance in that line can be very 
small, this can cause a dangerously high current to flow, which may lead to a fire. 


12 Volts 
7 Abr 








12 Volts 
7 Ahr 


12 Volts 
14 Ahr 


Ficure 15.2: Parallel battery connection. 


] Batteries can be discharged in parallel, but should always be charged separately to make sure 


= that you get a full charge, because different batteries charge at slightly different rates. 








Combination | 

You can put batteries in both series and parallel combinations to get higher voltages and cur- 
rents, as shown in Figure 15.3. As mentioned above, the batteries in this arrangement should: 
all be the same capacity and voltage. 








14 Ahr 





Figure 15.3: Series and parallel connection. 





‘Basic Battery Types 


While it’s true that all the batteries in this section provide electrical energy through a chemical 
reaction, that’s where the similarities end. There are a few popular choices, such as sealed lead 
acid, nickel cadmium, and nickel metal hydride. Each type of battery has its strengths and 
weaknesses. Just like everything else, there are tradeoffs, and there’s no perfect battery for 
combat. : 


Sealed Lead Acid (SLA) 


In general, sealed lead acid (SLA) batteries (see Figure 15.4) tend to be large and heavy, but 
relatively inexpensive. They have larger capacities and are capable of handling very high surges 
(peaks) of current, sometimes over 1,000 amps, thanks to their low internal resistance. The 
voltage stays relatively constant over the course of discharge, tapering down slowly. Many of the 
SLA batteries that are appropriate for combat are intended for the mobility (wheelchair and 
scooter) market. Though SLA batteries are generally sold in 12-volt packages, they are actually 











made up of six cells, each with a nominal voltage of 2 volts, connected i in series inside the bat- 
tery’s case. 





Figure 15.4 Typical SLA batteries. 


You'll be looking for AGM (absorbed glass mat) SLA batteries. Fortunately, most of the SLA 
cells sold today are of this type. The reason for their popularity is that the electrolyte (battery 
acid) is absorbed into fiber separators within the cell. If the case is cut or otherwise breached, 
sulfuric acid won't come spilling out onto the floor. As a side benefit, the AGM cells are also 
invertible and can be used sideways. They are completely sealed, which makes them nonspill- 
able and leakproof. Finally, AGM technology provides higher sustained current output than 
other types of lead acid batteries, including car batteries, which are meant to put out a huge 
surge for a few seconds to start a car, and then must be recharged immediately. In combat, 
youll need sustained power if you're going to make it through a full match. 
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Comparing the Favorites 


Popular AGM batteries under the Interstate, PowerSonic, SVR, Genesis, and Odyssey brand 
names are compared in Table 15.1. Explanations of each of the columns follow the table. 
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— Choosing Batteries 
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M odel ~ 


F9.99,9. 


Genesis G42EP. 
Genesis cron 
Odyssey PC 545° 
Odyssey PC 535. 
Odyssey PC 680 - 
Odyssey PC 625 
Odyssey PC 925 


Odyssey PC 1200 - 
Odyssey PC 1700" 
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Sources: Interstate Rance individual data iret FoweiSting SLA Battery Technical Handbook, PowerSonic individual data 
sheets, Hawker Genesis Application Manual, 5th edition, Hawker Odyssey Starting, Lighting and Ignition (SLI) Drycell Battery 
Guide, 5th edition, publication #ODY-BR-101, and NPC Robotics. 


Note: All batteries are 12-volt AGM sealed lead acid. Quoted discharge rates are for batteries drained to 1. 67 volts per cell 
(10 V terminal voltage), except for Odyssey series, which were drained to 1.75 Vpc (10.5 V terminal voltage). The listed 
PowerSonic 5-min rate is actually the 7-min rate. The listed SVR 5-min rate is actually the 3-min rate. 


The Rated Abr column is the manufacturer’s nameplate capacity rating for that battery in amp- 
hours. The 5-Min Amps column is the amount of current the battery can source for 5 minutes 
continuously. The Peak Amps column shows the surge or peak amount of current that the bat- 
tery can produce in a short burst. The Actual Ahr column shows the true capacity of the battery 
in a 5-minute runtime. Diffis the percent difference between the rated and actual amp-hours. 
(The Diff value is what is averaged to estimate the de-rating factor previously mentioned in the 
“Estimating a Battery’s True Capacity” section.) The Weight is specified in pounds by the man- 
ufacturer. The Price is an approximate street price for the battery in U.S. dollars. 


The Interstate DCS series are deep-cycle batteries aimed at mobility applications, while the 
rest of their line (the SLA series) is very similar to the PowerSonic standard SLA batteries. 
Both of these lines should be easy to find. SVR is a relatively new battery brand available 
through NPC Robotics. 


Perhaps the most popular SLA batteries among competitors are made by Hawker Energy 
Products. Odyssey is the consumer brand, while Genesis is the OEM (original equipment 
manufacturer) brand. They are sold through different vendors, and you should consult their 
‘Web site at www.hepi.com for a list of authorized dealers. The Odyssey consumer brand is 
commonly available through many battery retailers, and is used in automobiles, motorcycles, 
and watercraft. I'he Genesis brand is a little bit harder to acquire, since they are not intended 
for sale directly to the end consumer. 


t: An Illustrate 





Types of Chargers 


You're making a pretty big investment here, and you should do what you can to protect it. 
Although chargers can be pretty expensive, you don’t want to trust your SLA batteries to an 
average car battery charger. To do so would be risking serious damage. 


What you want is a fully automatic charger, with a multistage charge profile. There are specific 
charge profiles for different types of lead-acid batteries. A charge profile specifies the required 
voltages and currents at specific times (stages) in the charging cycle. If you deviate from those 
requirements, cells could be ruined, or at least the lifetime and capacity will be shortened. 


Though expensive, both the Deltran BatteryTender series of chargers and the ChargeTek 
chargers come highly recommended among competitors. 


Nickel Cadmium (NiCad) 


Nickel cadmium cells, or NiCads, are used extensively in a variety of different applications. You 
can find them in most cordless power tools, for instance. This type of cell averages around a _ 
90 percent efficiency versus the rated amp-hour specification, and the voltage remains remark- 
ably constant throughout the discharge cycle. The individual cells have a nominal voltage of 
1.2 volts, with a range of different sizes and capacities. They can be purchased individually, or 
in premade packs (see Table 15.2), as described later in this chapter. Unfortunately, they have 
relatively high internal resistance, which limits their ability to source large surge (peak) cur- 
rents. The individual cells have a small resistance, but to achieve voltages in the ranges that 
were looking for, multiple cells must be placed in series to form a battery pack, and all of those 
internal resistances add up. Of course, you can get around this by putting multiple packs in par- 
allel, which is usually required to meet battery-capacity needs anyway. 


Manufacturer/ a 
Model — 


‘BattlePack Penne ae 
BattlePack CP2400-18 18 
BattlePack CP2400-24 24. 


BattlePack CP2400-36 


BattlePack 3000-12-12. 
BattlePack 3000-18 48 
BattlePack 3000-24-24 
BattlePack 3000-36-36 
BattlePack CP3600R-12 12 















Manufacturer/ 


BattlePack CP3600R-18 18 3.6 
BattlePack CP3600R-24 2 
BattlePack CP3600R-36 


OO ano, 


farce Robotic Diane Solutions Web site: www.battlepack.com. 


R/C Racing Packs 


The hobby radio-control market has yielded some handy packs for use in combat (see Figure 
15.5). Packs assembled in six- and seven-cell arrangements (7.2 and 8.4 volts, respectively) are 
common, so you'll have to do some creative series arrangements to get the voltages you want. 
Also, you may end up having to put packs in parallel to get the current capacity you need. 
These packs can be darn expensive, too, ranging from $100 to $200 each. 





Ficure 15.5: Premade R/C racing pack. 


Commercial Cordless-Tool Batteries 


NiCads are light and they have excellent capacity. It’s no wonder that they’re used in commer- 
cial cordless power tools (see Figure 15.6). This is a good source of batteries for the robot 
builder, and in the past, many builders have chopped up cordless power drills to get the motors, 
batteries, and battery connectors (or even left the body intact and mounted it to the frame!). 
The difficulty is that buying more batteries for spares can get expensive because power-tool 
replacement packs tend to be expensive. One advantage is that if you buy a power tool, you 
usually get two battery packs and a charger that’s made for them. 


You may have to make custom mounts or chop up their cases to get rid of extra weight. Also, 


=, | you don't get to choose what physical arrangement you want the cells to come in— you're stuck 





with what you get. 





Ficure 15.6: Various cordless power-tool NiCad packs. 


DeWalt standard series batteries are rated for 1.3 Ahr, XR series are 1.7 Ahr, and XR+ series 
are 2.4 Ahr. Makita standard batteries are 1.3 Ahr, and the high-capacity batteries comein _ 
three sizes: 1.7 Ahr, 2.0 Ahr, and 2.6 Ahr. Not much is known about the true capacity of these 
batteries, only the rated amp-hours. 


Custom Solutions 


BattlePacks (made by Robotic Power Solutions) are by far the most popular custom NiCad 
packs in the sport. It’s no wonder, with their commitment to constantly improving their prod- 
ucts and excellent customer service. They currently stock premade packs (see Figure 15.7) com- 
plete with connectors in 12, 18, 24, and 36 volts, and a range of capacities. They are a complete 
power supplier, with packs, connectors, wire, and chargers, all in one place. The premade packs 
are well thought out and insulated. There are also higher-performance packs available with 
cooling fans built in. 





intercooled battlepack 


Ficure 15.7: A custom BattlePack. 





: sy s worth the extra money to tore a someone ae th it. hele 


Ballistic Batteries is another custom pack manufacturer that teams are beginning to use. They, 
don’t carry stock packs like Robotic Power Solutions, but can make packs to your specifications. 


Taking Care of Your Packs 


The number one rule with NiCad battery packs is: heat kills. That’s why BattlePacks come 
equipped with a temperature-sensitive sticker that helps the builder track the maximum tem- 
perature that a pack reached in service. If your battery packs are too hot to handle when you 
remove them from the robot, then you're attempting to draw too much current too fast, and 
you should add another pack in parallel. If you don't, then you're risking failure in the arena, 
and possibly fire. At the very least, you'll be shortening the lifetime of your batteries dramati- 
cally. Never, ever charge a hot pack. Always let the battery pack cool down before attempting to 
charge it. Remember, heat can kill a battery pack. 


In some applications, ce// memory is an issue with NiCad packs. Cell memory is a loss of capac- 
ity that occurs when the cells are consistently drained to the same intermediate level (not full 
discharge) and then recharged. However, robot combat is a high-drain application, and your 
packs are usually spent by the time you get out of the arena, so cell memory isn't an issue. 
Besides, it takes many, many cycles to develop a memory problem, and you're more likely to 
experience degradation in performance due to heat than anything else. | 


Having the incorrect charger can kill your batteries. Your charger must be able to sense when 
the cells have reached full charge and shut down. If you fail to do this, you will cook your cells, 
damaging them, and possibly causing them to rupture. 


The AstroFlight 110D and 112D chargers (see Figure 15.8) are the only units that I know of 
that can handle 24-volt (20-cell) packs. Most hobby chargers designed for the R/C racing 
industry usually charge 7.2 to 9.6 volt (6 to 8 cell) packs. The AstroF light chargers also keep 
track of how many amps they put back into the cell, and have both a fast and slow charge set- 
ting with adjustable current limits. The only drawback is the expense of both the charger and 
the power supply that’s required to run it. : 
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Ficure 15.8: AstroFlight battery charger and power supply. 


Nickel Metal Hydride (NiMH) — 


The efficiency of these cells is about 90 percent. They have a lower peak current sourcing capa- 
bility, but a better power-to-weight ratio, since they are generally lighter than NiCad cells of 
equivalent capacity. There’s always a price. With NiMH cells, this price is a higher internal 
resistance than NiCad cells, which means a lower peak current (as you'll see in Table 15.3) 


and a lower continuous current rating. As a side benefit, NiMH cells are environment-friendly, — 


since they contain no cadmium. 


There aren't many power-tool or R/C racing packs featuring NiMH cells yet, so custom packs 
are the best solution at this time. Of course, Robotic Power Solutions (the BattlePacks people) 
have a line of premade NiMH packs for the robot builder, as shown in Table 15.3. They can 
be made in 12- to 36-volt packages like the NiCad packs mentioned earlier. They have 

a similar packaging to the NiCad BattlePacks. Ballistic Batteries also advertises the 

capability to create custom NiMH packs. They don’t carry a stock, but can create packs 

to order. 
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. Source: Robotic Power Solutions Web site: www.battlepack.com. | | 





Charging NiMH Packs 


Dont assume that a charger made for NiCads will work for NiMH packs as well. While many , 

; of the high-end chargers (like the AstroF light 110D and 112D) will handle both, you've got to | 
» check the manufacturer's specifications and make sure that the charger specifically says that it ! 

can also handle NiMH packs. If it can’t, then putting a NUMH pack on that charger will most 

certainly damage the pack. And remember, the same precautions about heat for NiCads also 


apply to NiMH packs. Heat ills. , 


| Other Battery Technologies | 


: Lithium Ion batteries may have a weight advantage even over NiMH cells, but they are cur- 
rently regarded in the R/C community as too difficult to implement because of their sensitivity 
to excessive charge and discharge currents (requiring active onboard protection circuitry) and 
fondness for thermal runaway. High internal resistance may limit their current source capabil- 
ity, which isn't a problem for cell phones, but they don't routinely draw 100 amp peaks like 
combat robots. Also, the cells are not yet commonly available to the average user. Who knows? 
Perhaps this will become the next big breakthrough. 


Technology Comparison 





Sealed lead acid batteries are capable of very high short bursts of current that are much higher 
2 than NiCad batteries can produce, which can give you the edge in a pushing match. 


: An lust te 





Over the course of discharge, the voltage of an SLA battery has a gentle downward slope. You 
may see the robot get gradually slower and more sluggish towards the end of a match. With 
NiCad cells, the voltage stays pretty much constant all through the length of discharge, and 
you will probably not notice much of a performance degradation if they’re sized properly. 


SLA batteries are more suited for larger robots (120 Ibs and up) in higher weight classes, due to 
their bulky size and heavy weight. Also, in heavier robots with bigger motors, you will end up 
using so many NiCads in parallel that the cost both in batteries and chargers will probably 
catch up to you. 


The following examples will compare NiCads to SLA batteries in two different (extreme) 
situations: 


Lightweight Example 


‘Let's assume that a lightweight robot has a weight limit of 60 lbs. The robot has two EV 
Warrior drive motors being run at 24 volts, and an estimated battery requirement of 2.5 amp- - 
hours. In this example, my NiCad selection is a 24-volt BattlePack (PN-3000-24) with a 2.7 
Ahr actual capacity and a weight of 2.64 pounds (4.4 percent of total weight). The cost of the 
BattlePack is $115. The SLA choice is an Interstate $L1105 battery, which has an actual 
capacity of 3.7 Ahr and a weight of 9.4 pounds (15.7 percent of total weight). The cost of the 
SL1105 is $62.'To get 24 volts, however, you will need two $L1105 batteries (12 volts each) in 
series, for a total of 18.8 lbs, and a cost of $124. Clearly, the NiCad selection wins out in terms 
of weight, and it has a comparable cost and peak current at this capacity. 


SuperHeavyweight Example 


_ Assume that the superheavyweight robot has a weight tint of 340 pounds. It is using four 
Bosch 750 GPA motors being run at 24 volts, and has an estimated current requirement of 10 
amp~hours. The NiCad choice for this example would be four 24-volt BattlePacks (PN- 
3000-24) in parallel, for a total capacity of 10.8 Ahr and a weight of 16 lbs (4.7 percent of total 
weight). The peak current capability of this NiCad arrangement would be 400 amps. The SLA 
choice would be two 12-volt Hawker Genesis G26EP batteries in series, for a total voltage of 
. 24 volts, a capacity of 10.8 Ahr, and a weight of 27 pounds (7.9 percent of total weight). The 
peak current capability of the Genesis batteries would be 2,400 amps. The cost of the four 
NiCad packs would be $592, and the cost of the two SLA batteries would be $204. Multiply 
those dollar amounts by three to include two spare sets of batteries (see the tip later on multiple 
sets of batteries), and the totals become $1,776 versus $612, not including battery chargers, 
which may require multiples to charge all those batteries in a timely fashion. If you have the 
resources to purchase NiCad packs, then you can save the weight. However, it’s not as big a 
weight savings for a superheavyweight as it is for a lightweight, and the SLA has the clear 
advantage i in cost. 


Battery Safety 


Given all this talk about battery characteristics and performance enhancement, it’s easy to for- 
get the basic safety issues with batteries. You've got to keep in mind that these are electrochem- 
ical sources capable of easily generating currents that could cause burns, fire, or explosion. 


—_—— 





Choosing Batteries _ 


Batteries are dangerous, and their potential for destruction should be respected. Following are a 
few guidelines for battery safety: 


m™ Never leave exposed battery terminals, whether the battery is in the robot, or out on the 
worktable. 


m= Always use polarized connectors on batteries, and especially in parallel configurations, 
where a wrong-polarity connection could spell disaster. 


m Replace clip leads on battery chargers with a polarized connector that matches the bat- » 
teries. Double-check it with a digital multimeter before connecting a battery. 


m Use standard color codes to distinguish positive and negative polarity. Usually, red or 
white are positive, and black is negative. 


m Use the correct size wire. Chapter 16, “Wiring the Electrical System,” has important 
information about correctly sizing your battery cables. These should be the fattest wires 
in the robot, because they will be carrying all the current that needs to go to hungry 
motors. 


m Always check your robot’s power wiring before first connecting a battery. It only takes a 
few seconds to double check all the hookups, which will prevent cia to expensive 
speed controls and other electronics. 


M In both series and parallel systems, the batteries should be rernved and charged individ- 
ually. Every battery is just a little bit different because of manufacturing differences or 
the like. It’s best to separate the batteries so that you don't confuse the charger and 
potentially damage one of your packs. 


Securing the Battery 


The battery is one of the heaviest single components in the robot. When you start subjecting 
your robot to high shock loads in the arena, this large weight is going to want to move. If it 
breaks loose, you could be causing yourself all kinds of internal damage. Here are a few exam- 
ples for securing the battery in your robot: 


m™ Dont use cable ties (zip ties) to secure your batteries. They're too flimsy for SLAs, and 
NiCads can generate enough heat to melt them, or at least make them pliable enough to 
allow the battery to move around. You can and should use cable ties (or tape) to secure 
the battery’s connector to the robot’s main power connector, which will prevent it from 
popping loose during a big impact. 


™ Hose clamps (as discussed in Chapter 10, “Mechanical Building Blocks”) can be used to 
hold batteries down, but you've got to make sure that the metal band is properly insu- 
lated. Hose clamps can exert a lot of pressure as you tighten them down, so be very care- 
ful not to crush your battery packs. 


m Fabric and nylon ratchet straps have been used in the past, but you've got to make sure 
that the batteries can’t move from side to side. 








m™ Lexan plates have been used to hold down cells with long screws. You must make sure 
that the batteries cannot move from side to side, and that you have enough screws to 
keep the batteries in place in the event of a large shock load. 


m Perhaps the best variation is to build a separate box of Lexan or (well-insulated) alu- 
minum for your batteries. Make sure that any box has adequate ventilation all around 
(remember, heat kills) and active cooling would be an excellent addition. 


m Also, leave a little slack on the connections so that if the battery does move during com- 
bat, it won't pull the connector out or damage anything else. 


You need to have a battery that won't move around inside the robot, but you also need to 
design your hold-down so that the battery is easy to change. In combat, you can't always count 
on having a lot of time in the pits to charge batteries. That's why it's best to have multiple sets of 
“| batteries (three complete sets minimum) that you can swap into the robot. As you advance into 

_ later tournament rounds, the cycle time between matches gets a lot shorter, and you should be 
prepared to deal with this situation. One of the worst ways to lose a match is to simply run out | 
of power from batteries that weren't completely charged. 


Project 7: Wiring the Electrical Components 


All the basic components of your project robot should now be in place. You now have to use 
the battery information found in this chapter to give your robot some juice. 


You'll install a secondary power switch used to turn the receiver on and off, saving the battery 
between matches. For maximum safety, you need power indicator lights for both the receiver 

_ battery and the main battery to tell you when either system is powered. In this project, you will 
_ prepare and install the secondary power switch and power indicator LEDs (light emitting. 
diodes) on a mounting bracket and plug the PWM leads into the receiver. This will be an 
opportunity to get some more practice with the soldering iron as well as the stripper and 
crimper. (This project ties in closely with the next chapter, Wiring the Electrical System, and 
its related project, Installing the Master Power Switch.) 


Eye and ear protection are mandatory for cuts using the miter saw. It is incredibly loud, and 


“X41 pieces of metal will be flying everywhere. When using the rest of the tools in this project, you will 


need eye protection. 


Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal," 


S| as well as the sections that correspond to the specific tools used below. 





Preparing the Power LEDs 


For this project, I chose a red LED for primary power and a green LED for secondary 
power. Both had threaded housings to make mounting easier. The longer lead on an LED is 


rig At eet 
Se 








the positive, and the shorter lead is the negative. It doesn’t matter which of these legs you put 
the resistor on, as long as it’s connected in series somewhere in the loop, although I usually put 
it on the positive leg out of habit. 


Some electronics vendors such as Radio Shack sell LEDs that are prewired for.12-volt systems, 


“2; | but they're not very bright, and can't be used with 24 volts or 6 volts. Actually, you can use any 


LED you want. The important thing is choosing the correct resistor. For 24-volt systems, use a 1k 


wA\ | ohm, 1/2-watt, 5% tolerance resistor. (The resistors in the higher-voltage systems will dissipate a 


lot of power, so the 1/2-watt rating is important.) For 12-volt systems, use a 470-ohm, 1/4- 
watt, 5% tolerance resistor. For 4.8- to 6-volt receiver malities) use a 220-ohm, 1/4-watt, 5% 
tolerance resistor. — 


1. 


, 2. 


6. 


10. 
11. 


12. 


13. 


Use a 12-inch ie Futaba J-type servo extension ib the secondary LED. It already has 


the right kind of connector to plug into the receiver. 


Cut off the female end close to the connector, leaving the male end as long as possible. If 
youre unsure which is which, the male end is the one that can plug into the receiver. 


. Split the white lead off and use a hobby knife to lift the part of the plastic servo connec- 


tor that holds the pin in place and slide the pin out, which will allow you to remove the 
white lead completely. 


. Separate the remaining red and black leads about 4'/ inches _— and strip 3/8 inch of 


insulation from the black lead. 


. Cut a 3/4-inch long piece of 3/32-inch diameter black heat-shrink tubing and slide it 


over the black lead. 


Wrap the black lead around the shorter (negative) leg of the green LED and apply the 
soldering iron and solder to the joint. Make sure that the solder left on the joint is bright 
and shiny. Do not blow on the solder to cool it. Let it cool down on its own. Cooling the 
joint too quickly will give you what’s called a “cold solder joint,” which can produce 
intermittent results. 


. Push the heat-shrink tubing up over the joint and use a heat gun or lighter to shrink the 


tubing in place. , 


. Solder the 220-ohm, 1/4-watt resistor on the positive lead, as shown in Figure 15.9. _ 
. Cut a 2'4-inch long piece of 3/32-inch diameter red heat shrink and slide i it over the red 


lead. 
Cut 1° inches off the red lead and strip 1/2 inch of insulation from the end. 


Wrap the red lead around one of the resistor’s legs and solder it in place. Cut off any 
excess wire that extends past the joint on either side with a pair of flush cutters. 


Slide the red heat-shrink tubing over the resistor and use a heat gun or lighter to shrink 
it into place. 


You can test the secondary gees LED by plugging : it into the receiver and plugging i in 
the receiver battery. 





* 


Bot: An Illustrated Guide to Building Combat Robots 





Ficure 15.9: Soldering the resistor to the secondary LED. 


14. For the main power LED, you will repeat the above steps, but instead of using a servo 
lead, use 24- or 26-gauge stranded hookup wire from the hardware store or an electron- 
ics vendor. Use red or white for positive, and black for negative. Cut each lead about 8 


inches long. You will also use the red LED, a 1k-ohm 1/2-watt resistor, and 1/8-inch red 


| heat shrink (for the larger diameter 1/2-watt resistor). 


15. Let the ends of the LEDs hang loose for now. They will need to be loose for installation 
in the switch bracket, which is coming up in a few steps. 


‘ 


Making the Switch Bracket 


The secondary power switch must be mounted to a bracket. The power LEDs can also be 
mounted to this bracket, which will be made of the same extruded aluminum U-channel you 


used in Project 6. 


4. Cut a 2’ inch long piece of the 1" x 2" extruded aluminum U-channel using the 
miter saw. 


2. Clean up the edge, if necessary, with light pressure on the disc sander. 
3. Remove any sharp edges on the deburring wheel. 


4. Attach the top and bottom patterns to the switch bracket using 3M Spray 77 spray 
adhesive. 





5, Mark the holes on top and bottom with an automatic center punch. 


6. Clamp the U-channel in the drill press vise using a piece of scrap stock as in Project 6. 


7. Drill 1/4-inch holes for the two LEDs, and also as a pilot hole for drilling the switch 
hole. Make sure to use adequate lubrication. 


8. Indicate the step on the large Uni-bit that corresponds to a 1/2-inch diameter hole with 
a marker. 


9. Drill the hole for the switch hole with the Uni-bit. 


10. Use a countersink in a cordless drill to clean up the small holes and the deburring tool on 
the large switch hole. 


11. Clamp the U-channel in the vise again and drill the bottom two 1/4-inch mounting holes. 


12. Use a countersink to clean up these holes. You can angle the deburring tool to reach the 
hole edges on the inside of the U-channel, where a countersink won't reach. 


13. Remove the pattern and use Goo Gone or another solvent to remove any sticky residue. 


14. When installed, the switch bracket will touch the bottom of the speed control, and may 
rub against it. To prevent this, you need to mark and cut 3/16 inch off the bottom of the 
bracket using the bandsaw as shown in Figure 15.10. Use plenty of WD-40, go slowly, 
and make sure to keep your fingers out of the way of the blade at all times. 


15. Use the disc sander and deburring wheel to clean up the edge. 





Ficure 15.10: Cutting the switch bracket with the bandsaw. 





Installing the LEDs and Switch in the Bracket 


Now you can take the power LEDs that you wired and install them in the switch bracket, 
along with the secondary power switch. 


1. Insert the secondary power switch into the switch bracket with the screw terminals fac- 
ing outwards, as shown in Figure 15.11. Apply Loctite and tighten down the nut on the 
top with an adjustable wrench. Do not apply Loctite to the screw terminals. They will 
need an unobstructed path to conduct current. 


2. Remove the servo connector from the red and black leads of the green secondary switch 
LED by using a hobby knife to lift the plastic that holds the pins in place, as you did 
with the white lead before. Pay attention where the leads go, since you will be putting 
them back in as soon as the LED is mounted. 


3. Insert the wires in the LED hole closest to the secondary power switch, and pull the 
LED all the way down to the bracket. 


4, Thread the lock washer and nut onto the wires as shown in Figure 15.11, and apply 
Loctite before tightening the nut on the mounting thread. 





Ficure 15.11: Power LED and switch installation. 


. 


5. Replace the servo connector on the end of the red and black servo leads. 


6. Insert the leads of the red main power LED into the LED hole farthest from the sec- 
ondary power switch. 





7. You may have to do a little bit of shuffling the leads around so that you have enough 
clearance to get the large 1/2-watt resistor through the hole, lock washer, and nut. 


8. Apply Loctite and tighten the nut on the mounting thread. 


Wiring the Secondary Power Switch 


For the secondary switch, you'll also use a servo extension. A 12-inch Futaba J-type servo 
extension (also from Tower Hobbies) will be just long enough to make it all the way to the 
switch and back. 


1. Fold the 12-inch Futaba J-type servo extension in half and mark it in the middle. 


2. Using a hobby knife, separate the red wire from the black and white wires in a 3-inch 
long area centered on the mark by carefully slicing the wire lengthwise along the joint 
where the colors meet. . | 


3. Cut the red wire only at the mark. 


4. As with the speed-control fans in Project 6, strip off twice the amount of insulation you 
normally would and fold it back to double the diameter. | 


5. Crimp a 22-18 GA #8 ring terminal onto each side of the red lead. 


6. Screw the ring terminals onto the switch and tighten them down. You may want to bend 
the ring terminal farthest from the receiver over, as shown in Figure 15.12 so you get a 
little extra slack on the line towards the receiver. 


Tian hie, 


= 
ee Bee can uncemented 





a m8 “ 
MORE tpt tay tetogba he tpn eee ree = i pear tlncirersssreei ert ecb ease tana 





Ficure 15.12: Secondary power switch wiring. 





7. Paint all exposed electrical connections with liquid electrical tape. 


8. When the liquid electrical tape is dry, you can install the switch bracket on the base 
using two 1/4-20 x 3/8" long button-head screws and Loctite. Since access to the screws 
is limited by the speed control, you should use ball end Allen wrenches to give you a 
greater working angle. 


9. Route the secondary power LED servo connector and secondary power switch leads 
towards the receiver. The main power LED should be routed towards the closest speed 
control, near the position for the master power switch, where it will be connected in 
Project 8. 


| 
10. Apply cable ties as strain relief to make sure that the fragile LED wires don’t get pulled * 


when you change receiver batteries or work on the receiver. 


Installing the Receiver 


Next, you'll be plugging the PWM leads into the receiver and securing the cables with cable _ 
ties. Make sure to get the polarities right, or you could cause damage to the PWM signal driver 
cables. | | 


1. Plug the secondary power LED and secondary power switch into the receiver. It doesn’t _ 
matter what channel you plug these items into because power runs to every channel. You 
should not plug them into channels 1 or 2 because that’s where your speed controls are 


going. 
2. Plug the speed control cables into channels 1 and 2. When running IFI speed controls 


and R/C equipment, make sure to order the IFI PWM signal driver cable. It’s not 
required for all R/C equipment, but it won't hurt. 


3. Be careful when plugging the PWM signal driver leads into the receiver. Since ney re 
not polarized, you can easily plug them in backwards. 


_ 4, Usually, it’s a good idea to label the PWM leads at both ends with small number tape , 
made by 3M. You may have to renumber them later on if the steering is reversed, so you a 
can hold off labeling until the road test. In the meantime, you can put a temporary piece : 
of masking tape on both ends of one of the PWM signal driver cables. 


5. Make sure to provide adequate strain relief for the PWM cables and bundle the ridicu- 
lously long signal driver cables together. I usually use a ton of cable ties, as shown in 
Figure 15.13. Leave enough slack on the ends to swap receiver channels if you have to. 


Wrapping Up 


There is a lot of technical information in this chapter about the differences between battery 
types. Your choices should be based not only on performance, but also on weight, physical size, 
and cost. 


Remember, this is all a guessing game. I’ve provided you with the means to estimate your 
requirements, but the only way to be sure is try your batteries as soon as possible with the drive 
system under real loads. That means driving hard and pushing around weights equivalent to 
the robots you'll be facing. Check your batteries after each test to see if they've gotten warm. 
Wait for them to cool, charge them, and test them again. 





The project in this chapter provides a good preview for the more detailed information on 
wiring that you'll find in the next chapter. Keep both of these chapters — and the projects 
found within them — in mind when considering the electrical issues involved in creating a 
combat robot. 





Ficure 15.13: Strain relief for receiver PWM cables. 
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iring the 
lectrical System 


n the last few chapters, you were introduced to the parts of your electrical 

system, which include the control system, speed controls, and the main 

battery. The next step is to connect all of those parts together with wire, 
switches, and connectors. Here, I show you what types of wire work best in 
robot combat, and identify the best switches, connectors, and crimp termi- 
nals to use that will carry the amount of power you need, while being resis- 
tant to the large shock loads that you might experience in the arena. Finally, 
there’s info on how to avoid commion combat failures by good wiring prac- 
tice, which involves tips about selection of wire colors, insulating connec- 
tions, and keeping wires tidy and well secured inside the robot. Project 8 
will guide you through installing a master power switch. 


Selecting Wire 


Wire is where you need to start, because that is what you will use to connect 
the various electrical components of your robot, such as batteries, speed 
controls, and motors. Most types of wire will work, for a little while at least. 
This section will help you select wire that won't fail you in battle. You'll find 
out about what specifications are important, and where to get the best wire. 


Wire Gauge 


First and foremost, you should make sure that your wire is rated to handle 
the amount of current that you expect to put through it. There are a few 
factors to keep in mind when determining the current rating of a wire. In 
the real world, all wire has a resistance, although it’s very small. Normally, 
you don’t even notice it. However, when you run a very large amount of cur- 
rent through a wire, this small resistance results in a proportional voltage 
drop that you wi// begin to notice. This voltage drop means that the voltage 
at the end of the wire will be lower than the voltage at the source. With 
motors, less voltage means less RPM and less power. 


ra 





ot: An Illustrate 





, With respect to the wire, however, this voltage drop takes the form of heat buildup inside the 
wire and can accumulate very rapidly. The heat buildup can melt the outer insulation (also 
called the jacket), the copper itself, and any solder that might be used to connect the wire to 
another conductor. Usually it’s safe to say that the insulation will melt before the copper, and 
thus one of the guidelines for specifying for maximum current is the insulation material. 


Since the resistance of the wire is what generates the heat, you should concentrate on ways to 

lower it, which will allow you to run higher currents with less voltage drop. Resistance can be 

lowered by making the wire fatter. The wire gauge number, also known as AWG (for American 

| Wire Gauge), corresponds to the nominal diameter of the wire, and gets smaller as the wire’s 
diameter gets larger. : 


Resistance can also be lowered by making the wire shorter. As a rule, battery connections, which 
carry the most current, should be kept as short as possible. 


In addition to the resistance, the ambient temperature should be taken into account in the eval- 
uation of current capacity. If the wire is working in a high-temperature environment to begin © 
with, less current will be required to bring the heat up to the limit. In the case of a combat 
robot, however, you can get away with specifying room temperature (30° C) as the ambient 


temperature. | 





Taking the above factors into account, Table 16.1 represents the current required to bring a 
multistrand copper conductor of the corresponding wire gauge at an ambient room tempera- 
ture of 30° C to the temperature limit of the jacket. (In the case of PVC insulation, this tem- 
perature is 105° C, and in the case of a silicone jacket, it’s 200° C.) 
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Source: Alpha Wire technical data sheet, Current Carrying Capacity of Copper Conductors. 





It’s important to note that these figures should be taken as a guideline only. In general, if you can feel 
your wires getting warm, then they're probably on the edge of being too small and/or too long. 
It they're getting too hot to touch, then shut down immediately and do not continue testing 
until you've upgraded your wire. You'll probably notice a performance increase as well. 


Wire Flexibility 

Solid core wire (such as household electrical wiring) is not recommended, since you may end 
up repeatedly flexing your wire over the course of building, causing a fatigue point and eventual 
failure. Instead, multistrand wire is suggested, since it is extremely flexible and readily available 
in the larger gauge sizes that are appropriate for combat robots. The higher the strand count, 
the more flexible the wire. The more flexible, the better, since you may have to route your 
power leads through some tight spaces. Jacket material also affects the stiffness of the wire. 
Silicone is the best jacketing material, because it’s very flexible and can handle momentary 
heating, if necessary. 


Popular Choices 


The following wire choices are popular among builders. You can also look for large gauge 
speaker wire from car audio manufacturers. 


Silicone-Jacketed Wire 

The most popular choice among builders by far is silicone-jacketed wire, available in 8, 10, and 
12 AWG sizes. The high heat tolerance of the insulation combined with the excellent flexibil- 
ity makes this wire ideal for our sport. Many silicone-jacketed wires are available for purchase 
by the foot from Team Delta, Robotic Power Solutions (makers of BattlePacks), and Robot 


Marketplace (these and other resources for this chapter can be found in Appendix D, “Online 
Resources,” and Appendix E, “Catalogs”). 


Deans Wire 

The Deans Wet Noodle wire is very popular among builders. It’s available only in 12 AWG in 
red and black. The main advantage here is that the wire is extremely flexible, with a strand 
count well over 1,000. It’s available from Team Delta, Robot Marketplace, and online radio- 
control hobby suppliers, such as Tower Hobbies. 


Battery and Welding Cable (McMaster-Carr) 


If you’re looking for wire larger than 8 AWG, then McMaster-Carr has the solution. General- 
purpose battery cable is available in 6, 4, and 2 AWG sizes. It has a PVC jacket, and is avail- 
able in red or black. High-flex battery cable (also known as welding cable) is available in 2 
AWG and has a synthetic rubber jacket. 


Machine Tool Wire (McMaster-Carr) 


Machine tool wire (type MT'W) from McMaster-Carr is overlooked by many builders, but is 
acceptable for most applications. It has a PVC jacket and is moderately flexible (low strand 
count compared to other selections). It’s available in 8 and 10 AWG. The main advantage of 
this wire is that it’s cheap. 
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It's important to figure wire into your overall weight calculations. Depending upon the wire that 


} you choose, this may end up adding a few unexpected pounds to your robot. 


Selecting Main Power Switches and Disconnects 


Every combat robot must have a means to disable all weapons and drive systems and render the 
robot safe for maintenance or handling. Some competitions require a physical disconnect that 
can be tugged to kill the system. In other competitions, you can use a main power switch. The 
catch is that you can't use just any disconnect or switch, since the current of all the drive and 
weapon motors will be carried through this link. If the equipment that you use is not rated for 
the load, it could become a bottleneck in performance for your whole electrical system. 


Because most robots operate in the 12 to 48 V DC range, most of the popular switches come 
from either automotive or marine applications. In this section, you'll see the half-dozen most 
popular switches and disconnects used by competitors. | 


The main power switch or physical disconnect should be a hard cutoff. There should be no relays 


+) that bypass the cutoff. When you turn off the switch or pull the plug, it should mean that the 


batteries are completely disconnected from the system and that there is no possibility of the 
robot becoming energized. A secondary path is a personal safety risk and has been outlawed in 
most competitions. 


Hella Switch 


The Hella switch (see Figure 16.1) has become a staple in robot combat because it’s easy to 


mount and can handle 100 amps continuous and 500 amps for 10 seconds. It also weighs only 
about 5 ounces and can handle large impacts. The big red activation key is the only weakness, 
since you have to leave it in the slot during activation (it’s held in place by a tab on the key), 
and there is a possibility that it may break lose in combat. Various builders have different solu- 
tions, such as altering or adapting the key. You'll have to decide for yourself what method you're 
comfortable with. rw 






activation key 


Ficure 16.1: Hella swich. 








The Hella switch is available from Team Delta, Robot Marketplace, and various automotive 
suppliers for about $17. Make sure not to fall for a Hella lookalike or imitation. 


West Marine Mini Battery Switch 


This marine switch (see Figure 16.2) can handle 250 amps continuous and 1,400 amps surge. 
It has a wide bottom with holes for base mounting. It can handle large impacts and is as light 
as the Hella switch. Unfortunately, just like the Hella switch, it has a big activation key. 
However, the Mini Battery Switch is available with both a removable knob (#3823325) and a 
nonremovable (fixed) knob (#3823333). 


Both versions of the switch are available from West Marine for about $22. 


activation 
key 





FiGuRE 16.2: Mini Battery switch. 


Team Coolrobots Switch 


This is a custom aftermarket modification of a standard Hella switch, designed by veteran 
Christian Carlberg, builder of Toe Crusher, Overkill, and Minion. It has identical current rat- 
ings to the Hella switch. As shown in Figure 16.3, the outside housing is machined out of 
Delrin with 1/4"-20 tapped holes in a convenient 1.5-inch bolthole circle. The real trick is that 
the switch accepts a 1/4-inch hex key for activation. I have designed my robot Deadblow to use 
the same 1/4-inch hex key to activate the air system, so that I can use a single tool to make the 
robot ready for combat. 


Since this is an item designed and custom manufactured for our sport, you can expect to pay a 
little more (in the $50 range). They are available exclusively from Team Delta. 
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FicurE 16.3: Coolrobots switch. 


Team Whyachi MS1 Power Switch 


This is another custom aftermarket switch made by Team Whyachi (shown in Figure 16.4). It’s 
more compact than the other switches and handles 80 amps continuous, 240 amps for 3 min- 
utes, and 500 amps surge. It uses a 5/32-inch hex wrench for activation (isn’t the custom mar- 
ket great?) and has a Delrin case with #10-32 tapped mounting holes. 





Figure 16.4: Team Whyachi MS1 Switch. 





Chapter 16 — Wiring the 


You're looking at about $58 for this switch, but if you're short on space and weight, then it’s 
worth the price. It’s available from Team Whyachi and Robot Marketplace. 


Cole M284 Switch 


This popular switch is used in both automotive and marine markets as a battery disconnect (see 
Figure 16.5). It can handle 175 amps continuous and 800 amps surge. The difficulty here is 
that it’s got a long mounting neck and a little knob on the end. You may be able to modify the 
knob, as other competitors have done, to use with your own activation tool. 





FIGURE 16.5: Cole M284 switch. 


The Cole switch is available from West Marine (Model 542019) and Rebcoperformance.com 
(part #1601495) for about $25. 


Anderson Multipole Disconnect 


This is not a switch, but a physical link created by looping back a heavy-gauge wire such as 1/0 | 
in an Anderson Multipole connector (as shown in Figure 16.6). When the connector is . 
plugged in, it connects the batteries to the electrical system. When it’s removed, the batteries 

are disconnected. It’s pretty simple, and some people believe that this is the best way to imple- 
ment a master switch, because it can be yanked out if something goes wrong. You don't need 

any special tools —just a strong finger to grab and pull the disconnect. 


Make sure to check the competition rules to see if this type of master disconnect is required or 
optional. If you have the choice, I would suggest one of the other switches described previously, 
since they will allow for more protection from arena hazards and other robots. 


Premade disconnects are available from Team Delta, or you can buy the parts from McMaster- 
Carr and make your own. 


An Illustrate 





FicurE 16.6: Anderson Mulipole disconnect. 


Other Switches 


Standard heavy-duty switches (see Figure 16.7) that you might find in the hardware store or 
through an industrial supplier are only rated for. 10 to 15 amps. They may be able to handle the 
current demands of a lightweight robot, but robots in larger weight classes may need one of the 
switches listed previously to get maximum performance in demanding situations. 


If you decide to use a switch like this, then make sure to purchase one that has screw terminals, 
not spade (slide-on) terminals. That way you can use the ring terminals described later in this 
chapter. 


This type of switch can be used as a secondary power switch to provide power to the receiver/ 
} radio system. 
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Selecting High-Power Connectors 


Many popular connectors used in the wheelchair and forklift industries are also popular in 
combat robots. In addition, the radio-control hobby industry has yielded some connectors that 
may be valuable to the combat robot builder. 


Anderson Multipole 


These are single-piece plastic housings that have two conductors, as shown in Figure 16.8. 
These are the bulkiest connectors that you can use, but they are also rated for the highest 
amount of current, with models rated for 50, 175, and 350 amps. Note that the size increases as 
the current rating increases. It’s likely that most combat robots will only require the 175 amp | 
connectors. 


iring the Electrical System 
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screw terminals 


Ficure 16.7: Heavy-duty switch. 





Ficure 16.8: Anderson Multipole connector. a. | | 


t 





The Multipole has the advantage of being genderless, which means that there is only one type 
of pin and one type of connector to keep in stock. Also, both ends of the connection are fully 
protected, unlike some other systems, where the male ends of the pin are fully exposed. 


Anderson Multipole connectors are available from McMaster-Carr as industrial battery connec- 
tors, or from other online suppliers such as powerwerx.com or NPC. The pins may be crimped 
using any of the battery terminal crimpers from McMaster-Carr, including the economical 
hammer-style crimper. 


Anderson Powerpole 


This is another connector made by Anderson Power Products, but unlike the Multipole, the 
Powerpole is a modular connector. Each plastic housing holds only one conductor, but the 
housings can be locked together to form larger multiconductor connectors, as shown in Figure 
16.9. This connector has the advantage of being fully configurable, since the individual connec- 
tors can be locked together to form multiple-conductor connectors, or split apart to be used . 
conveniently in series applications. 





FicurE 16.9: Anderson Powerpole connector. 


The 75-amp version of this connector is the standard for high current NiCad BattlePacks, and 
is suitable for battery connections in all weight classes. The 45-amp version is useful for mak- 
ing moderate current connections. Lightweight robots that don’t exactly need hundreds and 
hundreds of amps of capacity may be able to use these contacts as their main power connections. 


Although these connectors are designed to be plugged together, they can sometimes slide apart 
1 when you're plugging and unplugging them repeatedly. Fortunately, they also have a design fea- 
ture that allows you to simply lock them together. By inserting the appropriate size roll pin into 
| the hole that’s formed by joining two connectors, as shown in Figure 16.10, you can prevent 
them from sliding apart. 





Just like the larger single-housing Multipole connector, the Powerpole is genderless, giving you 
the benefit of single inventory stock. Both ends of the connection are fully protected. 





roll pin 


Ficure 16.10: Antislide roll pin insertion. 


Anderson Powerpole connectors are available from McMaster-Carr as modular connectors, or 
from other online suppliers such as powerwerx.com or NPC. The pins may be crimped using 
any of the battery terminal crimpers from McMaster-Carr, including the economical hammer- 


style crimper. 
\ 


AstroFlight Zero-Loss Connectors 


These connectors feature gold-plated pins that fit into custom-molded plastic housings for a 
compact connector solution (see Figure 16.11). Their performance is good, and many robots 
have used these connectors in the past, although they are only rated for 60 amps continuous, 
which limits this connector to moderate current applications. Their main drawback is that 
they're difficult to use because the pins must be carefully soldered to install and unsoldered to 
be reused. I'll gladly trade this for the convenience of cutting the connector off and crimping 
on a new pin. Also, the solder cup is only large enough to accommodate 12-AWG wire at best. 





Ficure 16.11: AstroFlight Zero-Loss connectors. 


These connectors have a specific gender and are sold in pairs. The female side should always be 
installed on the battery or the side of the speed control that supplies the power, since the male 
side has exposed pins and is subject to being shorted. 





AstroFlight Zero Loss connectors are available from AstroF light and numerous online hobby 
distributors. 


If you happen to get solder on the outside of the barrel, don't try and push the connector into 
1 the housing. Instead, take a fine file and remove the solder bump so that the barrel is smooth 
| again. Then you'll have a much easier time pushing the pin into its housing. 





Deans Ultra Plugs 


These are probably the most compact connection solution, as shown in Figure 16.12. According 
to the manufacturer, they are more efficient than an equivalent length of 12-AWG wire. Like 
the AstroF light connectors, you have to solder leads to the pins. Since the housing does not 
cover the ends, heat shrink is a must for insulating the soldered connections. Because of the 

size of the connector and the closeness of the terminals that you will be soldering, I recommend 
using 12-AWG or smaller wire, which will limit this connector to moderate current applications. 


These connectors have a specific gender and are sold in pairs. The female side should always be 
installed on the battery or the side of the speed control that spe the power, since the male 
side has exposed pins and is subject to being shorted. 


Deans Ultra Plugs are available from various online hobby distributors. 
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FicureE 16.12; Deans Ultra Plugs. 


Selecting Crimp Terminals 


As mentioned earlier, the wires in your electrical system may be subject to overheating if over- 
loaded. Crimp terminals are a good way to ensure that your connections will stay together, even 
if the heat rises high enough to melt solder. You can also flow some solder into the crimp joint 
to get a better electrical connection. Unfortunately, the wire will try to draw solder into itself 
(through capillary action), which will make the wire hard at that location and may potentially 
lead to a stress failure if it gets bumped hard. The way to avoid this is to make sure not to get 
too much solder into the connection. If the wire near the crimp feels much less floppy than 
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before, then you've got too much solder in the wire, and you should start over with a fresh 
y & ¥ 
piece of wire. : 


Battery Terminals 


Some batteries, such as SLA cells, have screw terminals for their main battery connections. The 
appropriate connector for this application is a battery terminal, which is a large ring terminal 
with a crushable barrel for 8-AWG or larger wire, as shown in Figure 16.13. These terminals 
are also essential for connecting wires to most of the high-power switches listed previously, 
which have 3/8-inch and 1/2-inch studs with locknuts. 


Ficure 16.13: Battery terminal lug. 


McMaster-Carr carries a large selection of battery crimp terminals (battery lugs). They also 
have several crimpers, but for battery terminals, the hammer-style crimper is an economical 
and effective alternative to the $100+ crimpers. This can be used in a bench vise for ease of 
installation, as demonstrated in Project 8. | 


Low-Power Crimp Terminals. 


These connectors are used in low or moderate power applications, such as connecting to the 
secondary radio power switch and speed control terminals. 





An Illustrated Guide to Building Combat Robots 





There are three major types of crimp terminals, as shown in Figure 16.14: ring, spade, and 
quick disconnect. The ring terminal has a complete circle (ring) at the end. The stud size deter- 
mines the size of screw that will fit through the ring. You also have a choice of wire gauge and 
ring width. The spade (or fork) terminal has a U-shape at the end, and is also specified by stud 
size and wire gauge. You have a choice of spade width. The quick disconnect terminal is meant 
to slip over a tab. Here you have a choice of tab width and wire gauge. 








ring spade quick 
terminal terminal disconnect 


Figure 16.14: Various low-power crimp terminals. 
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All terminals should have insulated barrels, and the quick disconnects should be fully insulated. 
These connectors should be crimped with a good ratcheting crimper made for fully insulated 
terminals, as shown in Figure 16.15. . 





Figure 16.15: Ratcheting crimper. 


Good Wiring Practice 


Now that you have an idea of all the parts of the system, you can connect everything together 

in a way that will keep you out of trouble at the competition, which includes appropriate com- 
ponent selection, uniform polarity colors, lowering noise by separating signal and power leads, 
adding power LEDs, properly insulating connections, and securing wires inside the robot. 


Use Components That Are Rated for the Task 


By now, you should have a good idea of what kind of current your motors will be drawing from 
the battery in a stalled condition, which might occur in a pushing match. Your current will also 
spike when you accelerate from a stop, or change from full forward to full reverse quickly. 

Normal running current usage won't be anywhere near the peak (stall) current, but you should - 





design so that your connectors won't incinerate themselves if you happen to find yourself in a 
worst-case situation. , 


Keep Uniform Polarity Colors 


Red or white should be used exclusively for positive battery polarity. Black should be used for 
battery and system ground only. Maintaining uniform polarity color throughout the robot will 
help prevent any unintended polarity reversals, which can instantly kill an expensive speed con- 
trol or receiver. Keep in mind that this will help prevent disaster not only during the building 
process, but also during the fixing process in the pits, sina is usually more frantic, and much 
less orderly. 


For motors, which have a polarity relative to the motor’s turning direction, other colors can be 
used as long as they're clearly marked. 


Separate Power and Signal Leads 


By running and bundling signal and power leads separately, you can reduce the chance of elec- 
trical noise interfering with your radio signals and causing strange or erratic behavior (in the 
robot, that is). Now is the time to pay attention to this. Going back after you've already wired 
the robot to separate these leads is a painful process that should be avoided. 


Use Mechanical Connections Wherever Possible 


As mentioned before in the “Selecting Crimp Terminals” section, wire can heat up in an over- 
load and cause solder to melt. In high-power applications, crimping is the preferred method 
of installing a connector, and mechanically bolting that connector to a terminal is the safest 
technique. 


In a power system, you will be faced with the situation of having to distribute power to multi- 
ple destinations. You can try soldering them, but a better solution is a star joint, which is com- 
posed of several ring terminals bolted together. Make sure that this j joint is well insulated by 
several layers of electrical tape. 


You can also use a terminal block or strip to distribute power, but these strips take up space and 
may become bulky as the current ratings increase. They will also need insulation to protect 
them from short circuits. 


Only Use the Big Wire Where You Need It 


You don't need to run 2-AWG wire all over the robot. The electrical system won't mind, but 
you will be adding unnecessary weight, which begins to add up when multiplied by several 
speed controls and motors. Batteries should get the biggest wire and connectors, because they 
source current to the rest of the system. From there, multiple speed controls and motors can use 
smaller gauge wire and connectors. The important thing is to carry the big wire up to the dis- 
tribution point, which means also running it through the master power switch. 
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Keep wire leads as short as possible, especially for the higher-power lines, but plan ahead before 
you cut it to length. You should make sure that the components are going to work in those 
locations. I really hate adding extensions to high-power lines, because it adds resistance and 
creates a possible failure point. 


Separate Your Receiver Power 


Your receiver system should have its own battery and power switch. The. reason is that during a 
surge load, a battery’s voltage may dip slightly as it tries to keep up with the demand from the 
motors. If your receiver is connected to the same battery, the voltage may drop low enough to 
confuse it, reset it, or otherwise cause you problems. By having a separate battery, you eliminate 
that risk. 


Adding a separate (secondary) power switch is athe highly recommended. You may not know 
how long you have before a fight. Although the power drain is low, you may forget to unplug 
the receiver overnight, and end up with a dead battery in the morning. 


IFI systems should definitely have a secondary switch for the receiver (RC) power. The reason 
is that the radio locks to the frequency that yields the first valid data stream. The frequency 
that you normally have available (channel 40) is different from the ones that they use in the 
arena. If you've been testing outside, and the RC is still powered, it will still be locked to chan- 
nel 40, and your robot will ignore all of your signals when you're plugged into the official arena 
channels. Powering down the RC and powering back up will cure this. If you don't have a sec- 
ondary switch, then this may make for some prefight scrambling. 


For radio-control systems, it’s acceptable to use a small slide switch. However, you should make 
sure that the slide axis is not aligned with the axis of your weapon, where the most shock will 
occur, For example, a horizontal spinner will generate a huge shock load in the horizontal plane 
when it hits something. In this case, the switch should be mounted vertically, so that the shock 
will not act in the direction that may turn off the switch. I personally like to use a larger switch 
with a heavier spring, such as the standard heavy-duty hardware store switch described earlier. 


Add Power Indicator LEDs 


The purpose of a main power LED (light emitting diode) is to show you from a distance 
whether the main power switch (or disconnect) is providing power to the rest of the system. It’s 
a good idea and is now required at some competitions. The secondary power LED tells you if 
your receiver is turned on or not. Both LEDs should be located after their corresponding 
switches, so you can see if the switch is engaged, and whether the es is actually receiving 
power or not. 


LEDs have a polarity, which can be snlinarl in two ways. Usually, the bottom of the LED has 
a flange with a flat side on one edge. The flat side indicates which lead is negative. Also, LEDs 
usually have one lead that’s shorter than the other. The shorter lead is the negative one. 


You will also need to limit the current that flows through an LED with a small resistor. If you 
don't do this, the LED will go supernova and burn itself out in the blink of an eye. An appro- 
priate resistor for 12 volts is 470 ohms. For a 24-volt system, use a 1k-ohm resistor. The resistor 
should be in series with one of the leads (it doesn’t matter which one). 
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You can find LEDs that already have the resistor attached, which is very convenient, but they're 
usually only available in 12 volts. With any other voltage, you'll have to attach your own resistor. 


Insulate Your Connections 


Insulating all exposed electrical connectors in a robot is one of my must-do rules. Losing 
because a piece of metal shorted out a speed control or a battery is a really silly (and pre- 
ventable) way to go out. This section will describe several options you have available to you to 
make sure that no part of the electrical system is left exposed to harm. 
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Electrical Tape 


This is the basic vinyl insulating tape that you see in the hardware store. No surprises here. Just 
make sure that all the surfaces you apply the tape to are clean and dry. 


Liquid Electrical Tape 


While electrical tape is good for insulating cylindrical items, the majority of exposed connectors 
in robot combat are screw terminals, which aren’t exactly cylindrical. Speed controls, main 
power switches, and solenoid terminals are all excellent candidates for liquid electrical tape. 


Basically, liquid electrical tape is an air-dry flexible synthetic rubber coating that comes as a 
gooey liquid. You paint it onto the surfaces that you want to insulate. A few coats may be 
required for complete coverage. It sticks quite well and can be scraped off if necessary. It’s flexi- 
ble (won't crack if moved) and durable. I use several colors to help distinguish polarity. It’s 
available in black, red, green, and white. 


It’s available at automotive supply stores and some hardware stores. If you can't find the 
Performix brand of liquid electrical tape, you can use PlastiDip (made by the same company). 


Heat Shrink | 
Heat shrink is useful in finishing off your soldered electrical connections. (Deans Ultra Plugs 
require heat shrink to finish installation.) Heat shrink is basically a thin black vinyl tube that 
shrinks when you heat it. 


You can use a lighter or portable butane torch, but be careful to keep moving the flame, or | | , | 
you'll end up burning the vinyl. It’s best to use a low-power heat gun (not a high-power paint 
stripping heat gun) to shrink the vinyl. 


Grommets 


A grommet is a little rubber doughnut that is meant to insulate any metal holes that electrical 
wires pass through. Over time, vibration may cause a wire’s insulation to scrape off if it’s in 
contact with a metal edge. Grommets are a handy way to prevent any metal edges from harm- 
ing your wires. 


Clean up Your Wiring 


If left unchecked, the wiring in your robot could easily become a nightmare of insulated 
spaghetti. With wires running everywhere, it’s difficult to see where things are connected, 
which makes diagnosing a problem extremely difficult. You may also impede your ability to 








work on other (nonelectrical) parts of the robot. This section will give you a few tips on keep- 
ing the wiring tidy and organized. 


Label Your Leads 


Sure, it’s obvious now. This is clearly the power for the left-side speed control. Now add three 
more speed controls and two relays, a power-on LED, and a master switch, and things can get 
confusing fast. Not to worry. The best way to handle this is to label everything. You should be 
able to quickly track connections and diagnose any problems that come up. 


In situations where polarity isn’t clear (such as motor leads), I put a tag on each side of the wire 
with a big plus symbol or a name like “Left +.” Try to be descriptive with your tags. By putting 
a number on each side of the lead, you can keep track of where servo leads and extensions need 
to be plugged in. Sometimes you'll have to change out a damaged speed control or need to dis- 
connect wires to access another part of the robot. Having these labels will make sure things go 

back together the right way. 


You can buy a compact dispenser that holds ten rolls of numbered tape made by 3M. The tape is 
only 1/4-inch wide, which makes it large enough to see, but small enough not to get in the way, 
especially if you have a lot of leads terminating in one place, such as the receiver. The adhesive 
isn't very strong, so you should make a little tape flag, as shown in Figure 16.16. 





Ficure 16.16: Tape flag. 


Tie Down Loose Ends 


Tying down leads does two good things: First, it provides strain relief, which keeps wires from 
getting stressed where they connect, which could loosen the connector, or cause a failure due to 
fatigue. Second, it keeps wires from flying around inside and getting stuck in chains or gears, or 
other internal mechanisms. 


You don’t need a lot to add some strain relief to your electrical system. In fact, all you need is a 
hole in a support here or there that you can slip a cable tie (also called a zip tie) through. Cable 
ties are small nylon straps that can be tightened around a wire bundle as shown in Figure 16.17. 
They have a little ratchet-like tab in the head that keeps them tight. They're disposable and 
available in a variety of sizes. They can easily be trimmed with diagonal flush cutters for a neat 





appearance. Make sure to trim the cable ties flush to the head and not at an angle, unless you » 
like stabbing your hands on small plastic daggers inside the robot. 


It's good to keep things tidy and well secured inside the robot, but avoid tying everything down 
with zero slack. A little bit of slack prevents you from stressing connection points, which are more 
likely to break if they're constantly being pulled down. Sometimes, you may need to reposition 
4] an electrical component inside the robot, and having that slack means you won't have to start 

over and recut and wire a bunch of connections that are too short. Make sure no wires are flop- 
ping around inside the robot, but at the same time, give it a little slack. 





If you don’t have a handy bulkhead or support to tie into, you can use adhesive-backed hold- 
downs just about any place inside the eet! as shown in Figure 16.17. Make sure the surface is 
clean and dry. 


cable tie trimmed flush 





cable tie alone cable tie with hold-down 
FIGURE 16.17: Cable tie alone and with hold-down. 


The previously-listed oe are available from Gitiares and McMaster-Carr si Appendix 
E for more info). 


Make a Map 


A combat robot can be a pretty complicated place when it comes to wiring. Make a map of 
your electrical system (also called a schematic) so that you can quickly glance at an overview 
when you need to diagnose a problem. Along with a good set of identification tags on your 

wire leads, you should be able to navigate your power system easily. 


Project 8: Installing the Master Power Switch 


This project picks up right where Project 7 (Chapter 15) lets off. In this project, you'll apply 
your new knowledge of wiring to modify the West Marine switch that was selected to activate 
the project robot’s master power, making it battle-ready by replacing the big red plastic key 
with a socket-head cap screw. This will allow you to use an Allen key to turn the master power 
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on and off, which should make activation more convenient and reliable. You'll also be wiring 
the switch into the system by crimping battery terminals onto the battery leads and installing 
Powerpole connectors for quick battery changes. 
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Eye protection is required for all cutting, drilling, and grinding operations in this project. 


Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal,” 
7} as well as the sections that correspond to the specific tools used below. 


Modifying the Master Power Switch 


The main drawback with the switch is the large red plastic key that’s turned to activate it. This 
key doesn't make it easy to turn on the robot from outside of the frame. (You'd have to have a - 
huge, gaping hole or some sort of hatch.) We'll fix this by replacing the head of the key with a 
socket-head cap screw, allowing you to use an Allen wrench to turn the robot on and off. 


1. 


6. 


7. 


Remove the red key from the master power switch. It can only be removed by pulling it 
straight out when the switch is in the “off” position. . 


. Cut the key on the bandsaw at the base of the head. If the cut edge is too ragged, you 


can clean it up on the disc sander. 


. Place the key stub in a drill press vise, making sure that the stub is perfectly vertical. 


Tighten a 1/4"-20 x 1" long socket-head cap screw in the drill chuck to give you a visual 
reference to line up the stub with the center of the chuck. Once you confirm that the 
spacing is equal all around the sides, clamp the drill press vise in place. 


. Remove the screw from the chuck and use a countersink to make a divot in the exact 


center of the key stub, which will act like a punch mark to make sure that the drill stays 
on center. 


. Drill a hole all the way through the key stub with a #7 drill, which is the correct size of a 


tap drill for a 1/4"-20 thread. Make sure to use adequate lubrication during the drilling 
process. 


Tap the hole with a 1/4"-20 tap. Remember to use adequate lubrication. Make sure to 
tap all the way through the key stub. 


Apply a drop of Loctite to the threads of a 1/4"-20 x 1" long socket-head cap screw and 
tighten it into the key stub. The Loctite should prevent the screw from loosening with 
repeated usage. 


Installing the Powerpole Connector 


As mentioned in Chapter 2, “Designing the Robot,” changing batteries should be made as easy 
as possible, since you may not have enough time in the pits between matches to wait for your 

_ batteries to charge up in the robot. This means that you need a reliable connector to handle the 
load that’s easy to connect and disconnect. For the project robot, we'll be using an Anderson 





Powerpole connector as described earlier in the chapter. This will also give you a chance to use 
the heavy-duty hammer-style battery-terminal crimper. _ 


1. Cut a piece of white 8-gauge wire 5'/ inches long and a piece of black 8-gauge wire 
_4'/ inches long. Strip both ends of each wire. 


2. Use the hammer-style battery-terminal crimper in the bench vise, as shown in Figure 
16.18 to crimp an 8-GA 3/8-inch stud ring terminal onto the white lead. Use the 
crimper to attach an 8-GA 1/4-inch stud ring terminal onto the black lead. 





Ficure 16.18: Crimping the battery lead. 


3. Use the hammer-style battery-terminal crimper in the bench vise to crimp the 
Powerpole pins onto the white and black battery leads. | 


4. Insert the white lead into the red housing and the black lead into the black housing. 
Slide the two pieces together. Make sure that they are in the correct configuration to 
match the colors on the battery connector. 


5. Using a pair of slip-joint pliers, insert a 3/16" x 1/2" long roll pin into the hole created 
by the interlocking Powerpole connectors to lock them together. 


6. Place the connector as shown in Figure 16.19, and route the white and black 8-gauge 
battery leads under the chain towards the master power switch. 
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FIGURE 16.19: Battery connector location. 


Connecting the Battery Leads 


Now that you've got the Powerpole connector on the battery leads, you need to connect the 
other ends to the robot’s master power switch (for the positive lead) and ground connection 
(for the negative lead). You will be using crimpers (both the hand-held and hammer style) to 


make these connections. 


1. Route the power leads for the speed control further away from the master power switch 
around the battery and underneath the chain. They should nestle between the speed con- 
trol near the master power switch and the secondary power-switch bracket. 


2. The positive power leads for both speed controls should be trimmed near the location for 
the master power switch. 


3. Strip the red (positive) speed control power leads and crimp on a 12-10 GA 3/8-inch 
stud ring terminal to each of the ends. 


4. Fasten the white battery lead onto the 3/8-inch terminal of the master power switch that 
faces the chain, and the speed control power leads should be routed so that the wires 
enter under the master power switch on the side that faces the battery, as shown in 


Figure 16.20. 7 





Ficure 16.20: Routing the leads under the master power switch. 


5. You may have to grind away some of the master power switch brackets at the bottom 
with a Dremel tool to prevent pinching the wires. Don’t worry — it’s just plastic down 
there — the actual switching mechanism is at the top of the switch. 


6. Try out the position of the switch and make sure that the leads aren't getting pinched. 
You may have to tweak the positions of the terminals a little bit. When youre satisfied 
with the positions, apply liquid electrical tape to all exposed metal underneath the master 
power switch. 


7. Trim the black (negative) power leads just past the secondary switch bracket, on the bat- 
tery side of the master power switch. 


8. Strip the leads and crimp on a 12-10 GA 1/4-inch stud ring terminal to each end. 


9, Fasten the black speed control power leads to the 8-gauge battery lead with a 1/4"-20 x 
3/8" long button-head cap screw and a nylon-insert 1/4"-20 locknut, forming a star - 
junction, as shown in Figure 16.21. 


10. Completely wrap the negative star junction with electrical tape, making tight spirals 
around the nut. 
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Ficure 16.21; Negative power lead star junction. 


11. Strip the main power LED leads and crimp a 22-18 GA #8 stud ring terminal onto each 
lead. Because the wire is smaller than 22guage, you should strip the end twice as long as 
you normally would, and then fold it back to double the diameter before crimping. 


12. Screw the main power LED leads onto the speed control that’s closer to the master 
power switch, along with the fan leads, and the power input (12guage) leads. You may 
have to shuffle things around and bend the LED’s ring terminals a bit to get everything 
to fit. The fan leads, main power input leads, and main power LED leads should be 
installed on the “power in” terminals of the speed controls. Make sure to connect red (or 


white) to +V and black to GND. 


Wrapping Up 


The theme in this chapter is keeping you out of trouble by developing good wiring techniques. 
Poor wire and connector choices could limit the performance of your drive system, just as if 
you'd improperly geared your motors, or underrated your batteries. It only takes one loose con- 
nection to lose a match. One bad crimp, or a screw terminal that wasn't tightened down 
enough, could send you back to the pits in defeat. A single stray aluminum chip could kill an 
expensive receiver or speed control. By following the techniques I’ve described in this chapter 
and in Projects 7 and 8, you can avoid defeating yourself with poor wiring, and make your 
opponent really work for a victory. 





The First Test Drive 


ell, the motors are installed, axles and sprockets in place, chains 
tightened, and wheels mounted. The electronics are in, and the 
battery is charged. What’s left? Try it out! This chapter tells you 
what to expect during the first test drive of your robot. There are tips on 
preventing accidents, putting together a preflight checklist, tuning your 
radio’s trims and failsafes, testing the radio’s range, and most importantly, 
improving your driving. You can also find your final project for your robot, 
Project 9: Testing. 





First Test Safety 


Resist the urge to put the robot down on the floor and just go for it. 
Instead, get a pair of scrap 2 x 4s to put under the robot, as shown in Figure 
17.1, keeping all the wheels off the ground. This will prevent you from hav- 
ing to patch that robot-sized hole in the garage door. 


If your wiring is all done, then you can skip ahead. If you don’t have 
competition-ready wiring, then you need to tidy a few things before you 
test to prevent such unfortunate consequences as the battery flying off the 
robot, or the receiver being dragged on the ground. 


Cable ties and tape are the order of the day for this situation. If your wiring 
is still in disarray, put a few cable ties in various strategic places to secure the 
wiring to the frame. If any long wires are dangling where they might get 
caught or tangled, tuck them away and hold them there with masking or 

_ electrical tape. Make sure that all exposed electrical connectors on the speed 
controls and battery terminals are covered by electrical tape. 


Make sure that your battery is well secured, as described in Chapter 15, 
“Choosing Batteries.” Make sure that your speed controls and receiver (or 
robot controller) are held down by at least a few pieces of Velcro and some 
big cable ties. You can go back and properly strain relieve everything later, 
after you've done a brief road test. If things don’t work, you'll have to tear 


everything apart anyway. 
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Ficure 17.1: Block up the robot. 


The Preflight Checklist 


This is a good opportunity to start a step-by-step pre-test-flight checklist. This is a list of all 
the things you need to do to get the robot running. It should be as detailed as possible, includ- 
ing items you may think are completely obvious. Getting into the:habit of using the checklist 
"now will help you later on when it comes to competition. You'll remember everything that 
needs to be done and the correct order to do it in. Trust me, if you've been madly repairing your 
robot in the pits and you've got 20 seconds to line up to fight, you'll be glad to have a little 
guide. Make sure to follow the same routine every time. 
1. Put robot up on blocks. 
2. Master Power OFF. 
3. Receiver Power OFF. 
4 


. Check chain tension (if applicable, see Chapter 11, “Working with Roller Chain and 
Sprockets”). 


. Put new drive batteries in robot and secure. 
. Plug in drive batteries and tape (or cable tie) connector. 
. Put new receiver battery in robot and secure. 


. Plug in new receiver battery and tape (or cable tie) connector. 
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. Put old drive batteries on charger. 


10. Put old receiver battery on charger. 
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11. Turn on transmitter (transmitter battery OK?). 
12. Receiver Power ON (secondary power LED OK?). 
13. Master Power ON (main power LED OK?). 


14. Spin the wheels to check drive directions and make sure that polarities and mixing are 
correct. 


15. Put robot on floor. 
16. Ready to rumble! 


In Chapter 20, “Going to a Competition,” I'll discuss the preflight checklist in more detail. 
During your testing, you should continue to update the list, especially with regard to weapons 
activation. Your checklist will evolve as your robot evolves. Don’t be afraid to revise it. Just 
make sure you rewrite it so that it’s readable even when you're in your most panicked condition. 


Tuning Your Radio 


Every time that you make modifications to the drive or radio system, you should do your first 
test up on blocks. This makes it easier to observe your tweaks without having to chase the 
robot around. Following are some adjustments you may have to do during each first test. 


Tweaking the Trims 


Most radios or control sticks have ¢rims. The trims allow you to make a small adjustment to the 
center or neutral position of the controller. Sometimes, the combination of a speed control and 
receiver or control system and joystick will produce a signal at neutral that’s actually not stop, 
but a little in one direction or another. This means that when the robot should be sitting still, it 
will actually be inching towards the door, like a dog that wants to run away. Using the trims, 
you can easily correct this “bad dog” behavior. The reason you've got the robot up on blocks is 
that it’s not usually obvious which way to adjust the trim, especially if you're mixed. 
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these two trims might be switched 
FiGure 17.2: Standard R/C aircraft controls and trims. 


For example, if you've got elevon active, or you're doing a PWM mixing routine in the IFI pro- 
gram, moving a single trim may cause both motors to turn. In the case of the forward/back 
trim, both motors will turn forward or backward, and in the case of the left/right trim, one 
motor will turn forward and the other backward. 


After playing with the trims for a bit, you should get a feel for how they are responding and be 
,able to correct it so that all motors are stopped. If you have two motors on a side, each with 
their own speed control, and both are getting the same PWM signal, but only one motor is 
turning, then you will have to retune the individual speed controls as per the manufacturer’s 

_ instructions. Some speed controls (such as the IFI controls) have a button to help you calibrate 
them. 


For a review of PWM signals, see Chapter 13, “Choosing Your Control System.” Speed controls 
| are discussed in Chapter 14, “Choosing Speed Controls." 


Preventing Runaways with the Failsafes 


You want to prevent your robot from doing anything when it’s not under your control. ome 
competitions will fail you in the safety/ technical inspection for this item. It’s relatively easy to 
take care of this using fai/safes. In a standard radio-control system, a failsafe takes over when 
the receiver loses contact with the transmitter. More specifically, when a loss of signal is 
detected, all PWM channel outputs are set to the failsafe value. These values may be predeter- 
mined by you (F/S position), or set to continue with the last known good value received 
(HOLD or NORM position). The choice is yours, depending on the situation. For speed con- 
trols on drive motors, you definitely want the failsafes set to the neutral (centered and stopped) 
condition. This will help prevent runaway robots. 





Figure 17.3 shows the failsafe setup screens for the Futaba FP-7UAPS and 9CAP transmitters. 
The screen for the FP-7UAPS indicates that channel 1 is set to a failsafe value of 50%, while 
channels 2 to 7 are set to HLD, and will maintain their last known positions in the event of 

- signal loss. The screen for the 9CAP shows that channel 3 (THR) is set to a failsafe value of 
20%, while all other channels are in NOR (normal) mode, and will continue with their last 
known positions in the event of signal loss. 
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Ficure 17.3: Typical Futaba failsafe setting screen. | 


If an IFI system loses contact, it will stop, and is usually exempt from the failsafe requirements of — 
} most competitions. 





_— Range Testing 


An important (and quick) test for your radio system is range. The range test is pretty simple. 
Put the robot up on blocks and start running the drive back and forth. Have a friend stand by 
the robot to keep an eye on things, and start walking away as you continue to run the drive. 
When youre out of range, the drive will stop. If not, check your failsafes as described in the 
previous section. A minimum safe range that should cover most (if not all) arenas is 100 feet. 


If you've already got radio signal problems, you might want to skip ahead to Chapter 19, 
| we -| “Troubleshooting,” and try some of the radio signal fixes. 





Drive It Hard 


If you've got your failsafes set and are confident in your radio range, then it’s on to actually 
driving the robot. First, you test to make sure everything works. Then, you test to make sure 
everything works well. You do this by driving the robot hard. 





Bot: An Illustr 


Make It Break 


Run the robot at full speed back and forth. Make hard turns. These are the kinds of maneuvers 
you ll be asking your robot to perform in the arena. Your goal here is to try and break the drive. 
You don’t necessarily have to run the robot into walls at full speed (though it is a pretty good 
impact test). Just drive it hard and make sure the wheels don’t fall off, the drive chains don't go 
flying, and the sprockets don't skip. 


This is also a great time to take an in-progress picture. Get a camera and take a few pictures for 
| the Web site later on. Also, have a friend take some video while you drive. Reviewing the tape 
later on may help you solve some problems. 





Did It Break? 


Did anything break? Check the chain. Is the master link okay? Is the chain slack, or is it still 
properly tensioned? Are the wheels still mounted where you put them? Are any axles bent? If — 
not, then wait for a while so the motors can cool down, and then send it out again, and if noth- 
ing breaks, then wait a bit and do it once again. If everything is still solid after at least three 
tries, then your drive will probably survive your first match. 


Are your motors hot? Are they too hot to touch? You may have to add small DC fans to cool 
them. 





_| If something broke during testing, then that’s great! This means that it would have failed you 
for sure in the arena and you've caught it ahead of time. Your next task is to figure out exactly 
why it broke and fix it. Then go through the same test process and keep repeating it until 

* nothing breaks. | 


- You should continue testing periodically. You want a bulletproof drive system. Remember, you 
can have the most kick-ass (fully functional) weapon in the world, but if your drive is disabled 
and you can't move, then you /ose. 


Tips and Exercises for Developing Driving Skill 


Matches are won and lost by driving skill. In some competitions, there are individual events 
devoted to driving alone. If you can’t drive, you can't deliver your weapon to the opponent, and 
if you can't cause any damage, then you won't get any points. 


Start out slow when you're just learning to drive your robot. The control stick is pretty sensitive, 
and you only need a light touch. 








The Left/Right Dilemma 


When the front of the robot is facing away from you, it’s pretty straightforward. Just as if you 
were sitting in or on the robot, left is left and right is right. The dilemma, as shown in Figure 
17.4, happens when you turn, and suddenly the front of the robot is facing toward you. Now, 
left and right are reversed. You push the stick left and the robot turns to the right! What hap- 
pened? If you think about it, the robot is still doing exactly what you tell it to do. When you 
command the robot to turn left, the motor on the right side of the robot spins forward and the 
motor on the left side spins backward. This process happens regardless of the robot’s position 
relative to you. 





left turn - front facing you left turn - front away from you 


Ficure 17.4: The left/right dilemma. 


Think about it from the robot's perspective. When the robot’s front is facing you and you com- 
mand it to turn left, it spins the right side forward and the left side backward, just as before. 
The difference is that this time, from where you're standing, it looks like the robot turned the 
wrong way, but it really didn’t. It was just following your orders. | 


How do you correct this? Well, there’s nothing you can do to the robot. The correction must 
come from your brain, and that’s where practice comes in. With enough practice, you will begin 


to think like the robot. 


Pick a point on the robot (with Deadblow | use the hammer head) and associate that one point 
with the front of the robot. Sometimes | imagine a big arrow floating over the robot pointing 
towards the front. After a while it will become second nature to think about your controls in 
| terms of what the robot will do. 
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Drive the Square 


Try driving your robot slowly in a square (believe me, it’s harder than it sounds). As illustrated 
in Figure 17.5, your imaginary square should be at least 10 feet to a side. Keep driving the 
square until you can do it perfectly at a low speed, and shen do it faster. Then, start over, slowly 
driving in the other direction around the square, increasing your speed as you gain more confi- 
dence. Try and make your turns as crisp as possible, or in other words, plan your move ahead of 
time. For example, if your robot has a lot of torque in the drivetrain, then you probably won't 
have a problem. Your turns should be pretty crisp to begin with. However, if your robot is 
prone to overshoot, or is drifting after you've told it to stop, then it will turn too far at each cor- 
ner. By planning ahead, you can adjust how long you tell the robot to turn (usually shorter for 
overshoot), so that the overall outcome is a turn that looks crisp. Of course, we know that it’s 
half-powered-turn and half-drift, but the final result is the same: a perfect square. 





10 feet 


Ficure 17.5: Drive the square. 


Obstacle Course 


Next, put some big tape squares on the ground as shown in Figure 17.6 to represent arena haz- 
ards and try to avoid them. These tape marks should be at least 4 feet to a side, and you should 
put down three or four of them. Navigate a zigzag obstacle course driving away from you and 
then turn around and drive back toward you. Again, start slowly and increase your speed when 
you get the hang of it. You can also remove the obstacles and just try driving a figure 8 over 
and over. 











tape squares 
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Ficure 17.6: The obstacle course. 


- Chase a Box 


I throw out a medium-size cardboard box (about the size of a typical opponent) and push it 
around. Use the tape markers that you put down on the ground to represent the hazards, and 
push the box into each one of them, being careful not to cross the tape marks yourself Control 
the box; don’t let it control you. 


Live Target Practice 


Buy a cheap little R/C car from the dsusstore and have a friend drive it around. Chase the car 
with your robot. I suggest a cheap car (under $10) because they. have a habit of getting run over 
by the much larger 60- to 400-pound robots. | 


Take your robot to an empty parking lot to test. Make sure there are no cars or people around. 
} You need the space to make sure you don't hit anything, but more importantly, it will allow you 
| to get used to driving your robot when it's far away from you, which is the same perspective you'll 
| have during competition. You should get used to driving a minimum of 20 feet away from you. 





: An Illustrate 


Project 9: Testing 


You're in the home stretch. This is the last project. As you've learned in this chapter, testing is 
only second to safety when building combat robots. Here, you will clean up loose ends such as 
adding strain relief and managing the antenna. Next, you'll tune the radio and perform your 
first test run. If all goes well, then you'll finish up the top armor, and tidy up the last few details 
before going into hardcore survival testing. _ 


Eye protection is required for all drilling and grinding operations in this project. 


Review all of the general power-tool safety protocols described in Chapter 5, “Cutting Metal," 
71 as well as the sections that correspond to the specific tools used below. 





Strain Relief 


After installing the chain, you probably realized that the wires running underneath it are a 
weakness. By adding 1-inch plastic adhesive-backed anchors to the base and using cable ties to 
hold the wires in place (as shown in Figures 17.7 and 17.8), you can keep the wires away from 
the chain, and potential disaster. Also, you should add Velcro to the battery rails and brackets, 
as shown in Figure 17.7, to give you a little tighter hold on the battery. 
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Ficure 17.7: Strain relief for speed control power wires. 








Ficure 17.8: Strain relief for main power connector. 


Routing the Antenna 


You need to route the antenna into rows and tape it to the top of the battery plate with electri- 
cal tape as shown in Figure 17.9. Make sure to leave enough slack so that you can easily remove 
the battery plate without pulling the receiver. 


It's important to keep the antenna away from speed controls and motors, which may cause inter- 
ference. Also, since the polycarbonate freely allows radio waves to pass, you won't need to 
install a Deans antenna, as described in Chapter 19, “Troubleshooting.” If this were a completely 
4] metal shell, then a Deans antenna would be a necessity. 


First Test 


This will be the first time that you'll be running the robot under its own power. Before putting . 
it down on the floor and watching it go, you need to make sure your mixing is working cor- 
rectly, so that when you tell the robot to turn, it will do exactly what you expect. Nothing is 
more dangerous than attempting to drive a robot that does not respond as expected. 

1. Put the robot up on top of some scrap wood blocks, with the wheels off the ground. 

2. Put the keys for the wheels in the keyways on the axles. 


3. Slide the wheels onto the axles and secure them in place with the shaft collars. 
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Ficure 17.9: Receiver antenna routing. 


‘4. Make sure that the master power switch is in the OFF position, and plug in the main 
battery. 


5. Turn on the transmitter. 


6. Verify that you have elevon mixing active, as described in Appendix A, “Advanced R/C 
Programming.” 


7. Make sure that all radio channels are in normal (or forward) position and not reversed. 
8. Make sure all radio trims are set to zero. 


9. Set the failsafes as described earlier inthis chapter, so that a loss of signal won't cause the 
robot to run away. 


10. Turn on the secondary power switch. You should see the green receiver light turn on. 


cata You and any visitors to the shop should be wearing eye protection when testing the drive 





11. Turn on the master power switch. The red master power light should turn on and the 
speed controls should have solid orange lights. If they're blinking orange, then turn off 
all power and check the leads going from the speed controls to the receiver. Also check 
the receiver battery voltage with a voltmeter. 


12. Push the stick forward slightly. The wheels on the left and right sides should turn slowly 
in the same direction. If this is not what you want to be forward, then turn off all power, 
and swap polarities on both motors where they connect to the speed controls. 


13. If forward and backward are working okay, then try a turn. If the robot turns the wrong 
direction then stop and power down. Swap the channel 1 and channel 2 leads on the 
receiver. 


14. If the wheels are turning slightly, use the trim controls on the transmitter to get the 
wheels to stop turning, as described earlier in this chapter. 


15. Test the failsafes by holding the stick full forward and shutting off the transmitter. The 
wheels should stop turning within a second or two. If they continue turning, double- 
' check your failsafe settings. | 


16. If the wheels do not turn while the robot is idle, and the robot passed the failsafe test, 
then youre ready to give it a road test. | 


Holes in the Top 


Before going into more serious testing, it’s necessary to finish off the top armor. You'll take the 
1/4-inch thick piece of Lexan you cut way back in Project 2 and drill the perimeter holes for 
mounting. Then, you'll cut access holes for the master and secondary power switches. 


1. Peel off the protective coating on one side of the top armor. 


2. Print out and tape together the base pattern. The pattern for the perimeter holes is the 
same. Apply this pattern to the polycarbonate using spray adhesive. 


3. Mark the perimeter hole positions with an automatic center punch. 


4, Drill the holes using a 17/64-inch drill bit, which is slightly oversize (1/64 inch larger) 


from the target 1/4-inch hole size. Make sure to use adequate lubrication. 


the b back: That's ty teatneies SO. enorne: This is one f those I little Cane that could hav. 
easily | killed me in the arena. ‘This also identified the need to grind a ‘small indicator line into th 
top of the sc screw head to show the position of the main power switch 
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5, Chamfer all the holes, top and bottom, with a countersink. 


6. Remove the pattern and get rid of any sticky residue with Goo Gone. Also remove the 
_ protective cover on the bottom of the plate. 


7. Install the top armor on the robot with one or two screws on each side. Look through 
the clear top and visually mark the locations of the master power and secondary power 
switches with a marker. Use an automatic center punch to put a divot at each mark. 


8. Clamp the plate to a table with a piece of scrap polycarbonate under each clamp to keep 
the top armor from getting scratched. 


9. Use a 3/8-inch drill bit for the master power switch and a large Uni-bit for the sec- 
_ ondary power switch. Make sure to use adequate lubrication. 


10. Clean up the plate and put it back on the robot. If you can’t get all the screws in, then 
you can try the trick below: 


Get as many screws as you can going all at once. Make sure the plate is sitting flat on the 
robot. Chuck a tap (in this case, 1/4"-20) into a cordless drill. Then retap the holes with 
the lid in place. This will actually thread the through holes a bit where they interfere, but 

will also allow you to get the screws in much easier. The trick is that the threaded hole 
will guide the tap. Since it’s tapered, it won't start threading the through-hole until it’s 
already started in the right thread. 


11. Make sure all the screws fit, but don’t tighten down the top cover just yet. There are a 
few more final touches that you'll need to perform in the next step. 


Final Touches 


This is the last part of the process. You'll be taking care of the little details that could easily kill 
~ you in the arena. High impact forces can cause connectors to pop right out. You'll be taking 
care of all those next, as well as insulating any remaining exposed electrical terminals, and 
checking your chain tension. . 


1. Grind a little line using a Dremel tool with a cutoff wheel (full face protection, please) in 
the socket-head cap screw on the master power switch (as mentioned in the “My Road 
Test” sidebar) to help you keep track of the actual position of the switch. 


2. Apply hot melt glue on connectors that can pop out, such as the PWM signal driver 
leads (at both the receiver and speed control sides), as well as on all of the other servo 
leads going into the receiver. You don’t need to smother the connectors in glue. Just apply 
a dab to the connection point to give them a little extra resistance to being tugged out. 


3. Apply the number tape mentioned in Project 7 to the PWM leads on both the receiver 
side and the speed control side. Pull off the masking tape after you've applied the num- 
bers, so you don't get confused. 


4, Stretch some electrical tape over the — receiver channels. The exposed pins carry 
power and can short out, causing damage to the receiver. 
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5. Apply liquid electrical tape to all of the exposed electrical (screw) terminals on both 
speed controls. 


6. Make sure that the chains are still tensioned properly. They will stretch over time, and 
you may have to add more spacers under the tensioner blocks. 


7. Make sure the receiver battery stays plugged in by putting a piece of electrical tape around 
the plug and receptacle so that half of the tape is on the plug and half is on the receptacle, 
as shown in Figure 17.10. Also make sure that the main battery power stays connected by 
slipping an 8-inch long cable tie through both of the roll pin holes and tightening it down : 
(also shown in Figure 17.10). These procedures should be repeated every time you change 
batteries and are listed in the sample preflight checklist in Chapter 20. | 


8, Put the top cover on, insert all the screws, and tighten them down. 


9, Congratulations. Youre done with building. Now test this robot until it breaks, as shown : 
in Figure 17.11. Keep breaking it and fixing it until it doesn’t break anymore. If it can | 
survive this kind of abuse, it’s going to take one tough robot to kill it in the arena. Now 

_you have all the skills you need to build your own combat robot. Good luck! 





Figure 17.10: Securing the battery connections. 
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FIGURE 17.11: Testing the project robot. 


Wrapping Up 


I know I’ve made a big deal out of the first test drive. For me it’s just a symbolic thing. It’s the 
mystery and anticipation of never having seen something work before. Will it work? What will . 
it be like? Savor the thrill of seeing your creation move for the first time. It’s one of the sweet- 
est moments in the whole process. 


Sometimes, robot builders are afraid to test their robots for fear of breaking something. 
Breaking something is actually the point. It’s far better for you to break it in your workshop 
than for someone else to break it in the arena. Yes, I know it will take time to fix, but it will 
save you the embarrassment of not leaving the starting square for some silly reason that would 
have been obvious if you had just tested the robot when you had the chance. Go ahead and fire 
it up. You'll be glad you broke it. 


Remember to practice, practice, practice, because good driving is what wins matches. 


Choose Your 
eapon 





o far, I’ve talked in depth about each of the other robot parts, from the 

armor, to the drive system, to the control system. This chapter will 

contain no detailed instructions or step-by-step procedures. Instead, 
this is your chance to put your own creative stamp on the robot. First, I'll 
review some weapon safety guidelines, and then I'll describe the basic 
weapon types so you can see what other competitors have done. Then, it’s - 
up to you to choose your weapon. 


Basic Weapon Safety 


In the early days of combat robots, weapon systems weren't required to have 
any safety restraints. Then again, in those days, wimpy weapon motors often 
stalled, high-pressure pneumatics (air power) hadn't come into widespread 
use, and there were only a few spinner robots out there. Since then, things 
have changed dramatically: The competitors have become more skilled, the 
community has grown, and the weapons have become very, very dangerous. 


If you believe that your weapon is capable of hurting another robot, then 
you should be easily convinced that it’s more than capable of hurting you. 
Personal injury from a weapon is a real possibility, and if any part of the 
robot has the most chance of injuring you, it’s the weapon. Pay special 
attention to the safety requirements described in this section, as well as 
those that are specific to your competition. 


Eye Protection 


It’s difficult to predict what exactly will happen when you test a weapon. 
Perhaps you forgot to tighten down a bolt on your spinning blade. The tip 

of your hammer may miss the target block and hit the sidewalk, sending 
concrete fragments flying upward. A block of wood used as a test target may 
splinter. I’ve personally witnessed all of these scenarios happen in real life, 
and they demonstrate that the use of eye protection during weapons testing 
is extremely important. There are too many unknowns to simply say, 
“That'll never happen to me.” 
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Safety Covers 


Some robots have sharp or pointed edges as part of their weapon systems. Many competitions 
now require safety covers to prevent you from accidentally bumping into a sharp edge while 
moving the robot in and out of the arena or in the pits. Read the rules for your competition 
thoroughly for specific requirements, such as safety covers that use Velcro or bungee rather 
than adhesive tape. Make sure that you can remove your safety covers quickly and easily. 


Motion Restraints 


Several competitions now require a pin, chain, or similar device (called a motion restraint) to 
immobilize a moving weapon when the robot is deactivated. Although you might not think 
that an unpowered or depressurized weapon isn’t dangerous, if it can still move, it represents a 
safety risk. 


Many robots have weapons that fold into the body until they're fired. Others have moving arms 
or levers. Any joint or place where you can get your hand or other part of the body caught is a 
pinch hazard. By implementing a motion restraint, you can minimize the risk to yourself in the 
pits and more importantly, during activation before a match, which is one of the most danger- 
ous times with a robot, since everything is powered up, and the robot is primed for combat. 


Like the safety covers, motion restraints should be easily and quickly removable so that you 
don't delay a match. 


Prematch activation procedures are covered in detail in Chapter 20, “Going to a Competition.” 
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The Wedge 


The idea with the wedge (see Figure 18.1) is to get the opponent off their wheels by using an 
inclined plane. Once they no longer have traction in the arena, you can push them around as 
you please. The more traction and horsepower you have, the less chance they have. The beauty 
of this strategy is that it’s simple and efficient. No extra weight goes towards a weapon. The 
armor is the weapon. 


Le Se 


single-invertible wedge. _single-noninvertible wedge double wedge 
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Ficure 18.1: Single-invertible, single-noninvertible, and double-wedge robots. 


The Leading Edge 


Many wedges have been defeated by having their front edge bent over, propping their wheels 
off the ground. You've got to make sure that the leading edge is well supported and not likely 
to bend, dent, or otherwise deform under stress. Remember, this is the single part of your robot 
that will be making contact with the opponent all the time. Make it robust. 


Drive System 


Horsepower and traction are what the wedge needs. There aren't any complicated lifting arms 
or pneumatic systems. All of your weight should be going towards armor, motors, wheels, and 
of course, batteries. 


Shock mounting is important in any robot design, but more so for robots like this that are 
designed for constant contact. Every time you use the weapon, the whole robot will be sub- 
jected to a shock load. 


Invertible or Noninvertible? 


If you're designing a wedge, then you should plan to have a lot of contact in the arena. 
Constant, violent contact means that it’s much more likely for you to be flipped over. That’s 
why most wedges can drive inverted. As with any robot design, you should avoid any nat sides 
on the robot where you could land and become immobilized. 





If you choose to drive inverted, then you should set up an inverted driving control that will 
switch the left/right steering as described in Appendix A, “Advanced R/C Programming." 





; Single- or Double-Wedge? 


Some single-ended wedges lose their weapon when they're turned upside down. Even if they 
can run inverted, the leading edge is pointing up in the air, and no longer has any contact with 
the ground. Double-ended wedges are shaped like a parallelogram when viewed from the side. 
They will always have a leading edge to work with. However, when this type of wedge is 
inverted, you've got to reverse not only the left/right steering, but also the forward/back 
response, which is also described in Appendix A. Otherwise, you st be leading with an inverted 
edge, just like the single-ended wedge described earlier. 


Driving the Wedge 


All of your energy comes from momentum. To build up momentum, a wedge needs speed and 
- space. As a driver, you should get as much of a running start as possible by lining up at the 
opposite end of the arena from your target. Once you've gained control of your opponent, use 
~ the arena as your playground and slam them into a wall at maximum speed. 


It's important that you don't get your leading edge stuck in the arena. Since many arenas have a — 
floor that is composed of rectangular metal plates, one of the best strategies is to try to drive at 
diagonals to the plate seams, so you don't hit the edge of a plate straight on, which could cause 
you to come to a screeching halt, and possibly damage the wedge tip. 


The Rammer 


Much like the wedge, the rammer (shown in Figure 18.2) is a very simple strategy. Slam into 
your opponents at high speed and try to break something loose. Instead of an inclined plane, 
rammers usually have spikes to inflict damage. Although more spike length may buy you deeper 
penetration into your opponent, the tradeoff is that they’re more likely to bend and break. 


Driving a rammer is similar to driving a wedge. Getting a running start from across the arena is 
the best way to build up momentum. The drive system should be equipped with high horse- 
power motors and good traction. The rammer should be designed to be inverted and have 
switchable mixing as described in Appendix A. 





spikes 
Ficure 18.2: Rammer robot. 


The Pusher 


The Pusher (see Figure 18.3) is similar to the rammer, but instead of slamming into oppo- 
nents, the pusher bulldozes them around using a scoop or plow, trying to push them into arena 
hazards. Unlike the wedge and rammer, youre not as concerned with speed as you are with 
torque and traction. You've still got to be quick enough to catch your opponent, but you won't 
be careening across the arena at high speed and slamming into walls. 





scoop 


Ficure 18.3: Pusher robot. 
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A pusher should be driven close to the opponent, trying to outmaneuver them and gain con- 
_ trol. No running start is necessary for this strategy. Since the scoop will be your primary 
weapon, make sure to protect your vulnerable backside. 


The Lifter 


Unlike most weapons, a lifter (shown in Figure 18.4) seeks not to destroy, but to overturn or 
control an opponent using a powered arm of some sort. There are a few different ways to 
implement the lifting arm. Most robots use /inear actuators, which are electrically driven 
extending cylinders, although regular gearmotors and pneumatics have also been used. Since 
the lift can be relatively slow, most competitors avoid the complexities of pneumatic systems, in 
favor of a slower linear actuator. 


fingers 





actuator 
Ficure 18.4: Lifter robot. 


Designing the Arm 


Arm designs differ dramatically. It can be tricky coming up with a good design. You don’t want 
the target to simply slide off the arm as you lift. Some competitors have little fingers that deploy 
to grab the underside of their opponents. Others have stationary teeth or barbs to hook the 
other robots. The four-bar linkage used by Biohazard is particularly effective because it is able to 
rise up parallel to the ground as well as push forward in a gentle arc, all at the same time. 


The lifting arm (in combat robot terms) is a complex system, which means that you pay the 
price of having more moving parts that are susceptible to damage. However, if the lifting arm 
can retract into the body, then it will be protected most of the time, and doesn’t need to be 
made incredibly robust. Much like a wedge, this strategy relies on getting a part of your robot 
under the opponent. Many competitors have benefited from an arm tip shaped like a flat spat- 
ula or a small wedge. 





The pivot points for the arms vary with design. Some straight arms are pivoted towards the 
rear of the robot. Some are pivoted near the front. The important thing to consider is what will 
happen to your robot when you have an extra amount of weight balanced at the tip of your 
arm. Are you likely to fall forward? If so, then you should balance the robot by putting heavy 


items like batteries near the rear. 


Driving a Lifter 


Your drive system has to be accurate in positioning, as well as robust enough to push. Although 
you've got to be quick enough to maneuver around your opponent, this isn’t about speed. It’s all 
about precisely positioning the lifter tip in the most favorable spot on your opponent. Be 
patient and wait for your moment. It will be far worse to have the arm exposed to damage on 
multiple lift attempts. If you've got an arm that retracts into the body as described earlier, then 
it should only be deployed when you're lined up perfectly enough to get a good lift. 


Once you've got them up, push into your opponents to complete the flip. Some lifters try and 
take. advantage of the curb at the base of arena walls as a stop, rather than let the opponent 
simply slide backwards, giving them a pivot point for the flip. Once they’re hooked, you can 
also try to drag your opponents across the arena, and into the arena hazards. 


Since this robot has a leading edge like a wedge, you would benefit from attempting to drive at 
diagonals and avoid hitting the arena seams head-on. 
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The Clamper 


Control. That’s what this strategy is about. The clamper (see Figure 18.6) is a variation of the 
lifter with a twist. It has a similar lifting arm, but it adds a finger-like mechanism that firmly 
grabs the opponent so that its whole body can be lifted off the ground. Most robots become 
helpless when their wheels no longer have contact with the arena, which allows the clamper to 
do as it pleases with its opponent. It can then carry the other robot around the arena (great for 
you, but highly demoralizing for them) and use the hazards to inflict damage. 
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Ficure 18.6: Clamper robot. 


Weight Distribution 


Clampers have to guard against tipping over once the opponent is captured and raised, since 
their center of gravity changes drastically, making them unstable.’ To minimize this effect, the - 
_ clamper should be designed with a low profile and extra stabilizers (skids) or a long, wide body. 

You can also compensate by keeping the pivot point for the arm near the center or farther back 
in the robot. Heavy items should be placed in the rear to help keep the back from tipping up . 
during a lift. Also, the lift will place a great strain on the robot’s frame. Make sure that you 
have adequate reinforcement to prevent the frame from flexing too much. 


Arm Design 


The difference between a lifter and a clamper (in terms of the arm) is that the lifter tips the 
opponent up, leaving some part still supported by the arena. A clamper needs to be able to lift 
the opponent completely off the ground. This means that the actuator that raises the arm must 
be stronger than one for a lifter robot. Electric motors with significant geardown are usually 
used for this job, since the lift needs a lot of power, but doesn’t need to be very fast. The finger 
should be designed so that it can accommodate a variety of sizes of robots. (If you can’t get the 
finger around them, you can’t clamp.) It also needs to be pretty quick to catch your opponents. 
Pneumatics are usually used to activate the finger because they’re fast and powerful enough to 
keep the robot from slipping. 


2] See Appendix C, “Pneumatics,” for safety and implementation details. 
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Driving a Clamper 


Clampers can drive with many different strategies. When fighting a wedge, it’s best to go out 
to the center of the arena and wait. Your drive should be quick enough to swivel in place, keep- 
ing the arm always facing the opponent. When fighting other types of robots, be patient, and 
wait for your chance to catch them. Getting good positioning on an opponent is the hardest 
part, but once you've got hold of them, then it’s off to the arena hazards. 


Make sure that your drive system is quick enough to maneuver and catch an opponent, but also 
strong enough to carry not only your own weight, but also the overhung weight of your hoisted 
_ Opponent. 








The Crusher 


Much like the clamper, the crusher (as shown in Figure 18.7) has jaws that grab the opponent, 
but instead of lifting them, the crusher tries to pierce the armor or otherwise bend or compress 
the frame. This sort of damage might be achieved with pneumatics, but is more suited to the 
use of a hydraulic system, which can run at much higher pressures, and uses oil instead of air. 
Crushers have been introduced in both horizontal and vertical configurations. 





FicurE 18.7: Crusher robot. 









Jaw Design 


The jaws have to be strong enough to endure forces that would crush other robots. This means 
that you'll probably be using some sort of steel, which can become quite heavy in large quanti- 
ties. Hydraulic systems are incredibly powerful, but are usually quite slow. Unfortunately, it can 
be a bit frustrating trying to catch an opponent with a slow-moving jaw. Some competitors use 
variable-displacement pumps for the system, which allow you to switch between a low pressure, 

high-rate response (to catch the opponent) and a high-pressure, low-rate response (to crush 
them), sort of like a gearshift. 


Hydraulic systems are very dangerous because of the exceptional pressures involved. A detailed 
7. ~—*4 discussion of these systems and safety requirements is beyond the scope of this book (as well as 
AUTIOND4 My personal experience). If you wish to pursue hydraulic weapons, | suggest that you consult a 
_ £4 | hydraulics manufacturer for advice. 
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The Hammer 


The point of the hammer robot (Figure 18.8) is to pound the opponent into submission, 
knocking loose connectors or bending their frames. Since the top armor has gotten better in 
recent years, it’s become pretty difficult for a hammer to knock out an opponent. The hammer 
remains a crowd favorite, however, and can score points with rapid-fire pounding. 





FIGURE 18.8: Hammer robot. 








Speed and Power 


Because it’s difficult to line up a shot in the first place, hammers should be designed with the 
ability to fire many, many shots. In the past, some robots have used an electric winch and 


ratchet system to prime a large spring for quick release. 


Although some hammers are electric, these weapons are usually pneumatic because you need 
the speed to inflict damage. In fact, the speed of the tip has more of an effect on damage than 
the mass of the head. With pneumatic systems, you have the choice of carbon dioxide (CO,,) or 
high-pressure air (HPA)/nitrogen (N,). When firing multiple shots at a high rate, CO, tanks 
tend to freeze over, and with the drop in temperature comes a drop in pressure. 


Straight pneumatic actuators are usually chosen over stock rotary pneumatic actuators because 
they offer an advantage in speed and power that outweighs the convenience of already having 
the rotary motion. Besides, rotary pneumatic actuators can be quite expensive. You can convert 
the linear motion to a rotary swing by a lever arm, but this limits the hammer’s swing angle. If 
you desire more than 180 degrees of swing with a straight cylinder, then you will have to build 
your own rack-and-pinion system. 


Although a short, fat cylinder and a long, skinny cylinder may have the same ‘sternal volume, 
and thus use the same amount of air, the fatter cylinder will have much more power because 
the force is proportional to the area of the piston. Cylinder diameters of 3 to 4 inches are not 
unheard of among top competitors in higher weight classes. 


For the complete detailed description of pneumatic systems, see Appendix C. It contains all of 
the information that I've learned over the years in building my pneumatic hammer robot 
| Deadblow. 


Arm Design 


The arm should be as tough and light as possible. Some robots use aluminum or titanium. 
Most of the weight should be concentrated in the head. The point should be harder than any- 
thing that it comes into contact with. Usually tool steel is a good choice. The length of the arm 
is also important in your strategy. An arm that is too long is difficult to aim and will continu- 
ally miss the target. 


In most hammer designs, the hammer is mounted in the middle of the robot or near the front 
to give the most striking range. The internal weight should be distributed so that the rest of the 
robot doesn't pop up when the tip impacts the opponent. The addition of a wedge ramp in 
front can help keep your front down (underneath the opponent) while you hammer. It also pro- 
vides a useful secondary weapon. 


Driving a Hammer 


Since the hammer is a unidirectional weapon, it requires great déves skill to line up the weapon 
in a favorable position. Precise maneuvering ability will greatly increase your chances for scor- 
ing hits. An aggressive rapid-fire approach yields good results. 


+ 





Protect your vulnerable backside. Although it is possible to design a hammer so that it may attack 
both ways, it’s usually too confusing for the operator to try and attack from both front and back. 


The Launcher 


While spinner robots (described later in this chapter) have the edge on damage, the launcher 
(see Figure 18.9) wins on sheer dynamic performance by literally zhrowing its opponents 
through the air. Imagine dropping your robot from a height of 5 or 6 feet. For many builders, 
this isn't really the sort of abuse you think of immediately. Dropped from that height, something 
usually breaks loose or bends out of position. This is what the launcher robot strategy counts on. 







actuator 


arm pivot 


Ficure 18.9: Launcher robot. 


What separates a launcher from a lifter is speed and power. You don’t need any fancy fingers to 
catch the edge of the armor. A flat spatula tip will do. It’s usually connected to a lever arm that’s 
fired by a pneumatic cylinder. The speed and power requirements are much higher for a launcher 
than for a lifter because you must toss your opponent, making pneumatics the unanimous choice. 
This comes at a price, however. The number of shots you'll have may be less than a dozen. 





a a 


See Appendix C for safety and implementation details. 


The highest-powered launchers come from Team Inertia Labs. They use unregulated CO,, which 
4 can reach up to 1,200 psi, and custom modified cylinders to handle this pressure. Using this sys- 
| tem requires special preapproval from competition organizers and a demonstrated knowledge of 
_| techniques for managing unregulated high-pressure gases and the dangers associated with 
them. Rookies and even most experienced veterans should avoid doing this until they've had 
extensive experience with standard regulated systems. 





Arm Design 


Since getting a high firing speed is more important than a lot of leverage, the cylinder usually 
fires up in the middle of the arm, between the pivot and the load. Consequently, in order to get 
a favorable middle position forthe pneumatic cylinder, most launchers end up being fairly tall. 


Most launchers position the pivot point for the arm near the rear of the robot. Like lifters, — 
most launcher arms fold into the body for protection when they’re not being deployed. It’s also 
important to find a way to stop the arm with some sort of tether at the end of its travel to pre- 
vent the momentum from damaging the cylinder. 





Driving a Launcher 


It requires a lot of air to move a large cylinder. You may not have many shots, so you'll have to 
choose your moments carefully. Your first attempt is the most critical for upsetting your oppo- 
nent’s game. Be patient and hunt for the right time. This strategy is all about maneuvering, so 
your drive system should be geared for torque and precise positioning, not speed. Make sure to 
protect your vulnerable backside. | 


The Spinner 


One of the most deadly weapons to emerge in robot combat is the spinning mass. These 
weapons take advantage of angular momentum, which means that when you get the mass up to 
speed, it will accumulate a large amount of energy and store it, resisting sudden changes in 
motion. When something causes the mass to stop (like hitting your opponent), a huge amount 
of energy is released. 


This is a knockout robot, usually inflicting enough damage to incapacitate its opponents, send- 
ing parts flying in all directions. When you've got a spinner robot, your most dangerous oppo- | 
nent is usually yourself. Avoiding self-destruction is a very big challenge for a spinner. 








Usually these robots are driven by powerful electric motors (see the “Switching Big Electric 
Motors with Solenoids” sidebar) or internal combustion gasoline engines. 


The Shape of the Mass 


The shape for the spinning mass can take one of four main forms: bar, disc, full-body (dome), 
or drum. The distribution of the mass establishes the rotational inertia, which ultimately deter- 
mines (along with the speed) how much energy is released into the target. The important thing 
(regardless of the overall shape) is that the mass is concentrated at the edges of the shape, 
which increases the inertia, and thus the ultimate hitting power. Unfortunately, this also 
increases the time it takes to get up to full speed. 


For full-body spinners that have domes (as shown in Figure 18.10), any additional weights or 
blades should be mounted low to keep the center of mass close to the ground, which will give 
you more stability. Hanging weights can produce unpredictable results, because balance is a 
major consideration with such a large spinning mass. 


ball 





horizontal bar dome (full body) 
spinner spinner 


Ficure 18.10: Horizontal bar and dome (full body) spinners. 


For bar and disc horizontal spinners, where the whole body doesn't spin, the height of the spin- 
ning mass is an issue. You want to get it down as low as possible so that you're guaranteed to 
impact the other robot instead of harmlessly passing overhead. However, because of motor 
placement and other design issues, it’s usually difficult to get the bar or disc down low while 
still keeping the spin axis at the center of the robot. One solution is to offset the center of rota- 
tion so that the bar or disc spins in front of the robot, as shown in Figure 18.11. Unfortunately, 
this leaves a blind spot in the rear, and means that your weapon becomes directional. Another 
variation is to angle the bar or disc so that it tips close to the ground in front of the robot. Note 
that placement of the spinning mass relative to the center of the robot will also affect driveabil- 
ity, as discussed later. | 





offset horizontal offset horizontal 
bar spinner disc spinner 


Ficure 18.11: Offset horizontal bar and disc spinners. 
For drum robots (see Figure 18.12), the spinning mass is concentrated along the outside of a 


wide drum, usually with horizontal bars or little teeth to catch opponents and pop them up 
into the air. 


horizontal bars 
welded to drum surface 





drum 
Figure 18.12: Drum robots. 


Horizontal or Vertical? 


Another major choice in your design is how you want the mass to spin: horizontal or vertical. 
Although they share the same theme of delivering a large hit to the opponent, the horizontal 
spinner seeks only to bludgeon, while the vertical spinner (shown in Figure 18.13) can blud- 
geon as well as flip the opponent. Usually, dome spinners are horizontal, while bar and disc 
spinners have been quite successful in either configuration. Drum spinners have a horizontal 
spin axis, running the drum so that the teeth spin upward. 








vertical disc spinner vertical bar spinner 


-Ficure 18.13: Vertical disc and bar spinners. 


Special Bearing Considerations 


Because spinners need to rotate with as little energy wasted in friction as possible, you're going 
to need a bearing. However, since the impact energy can be so high, it needs to be better than 
an average bearing. 


Special bearings called tapered roller bearings can handle both radial and axial loads, as well as 
high shock loads. (Standard bearings are only really good at handling radial loads.) 


Using bearings greatly decreases the friction that the spinning mass experiences. As a result, a 
| mass rotating at maximum speed could take a long time to spin down at the end of a match. 
Therefore, you should pay close attention to the required spindown time for your competition. 
This is closely regulated in some competitions, and could be as short as 30 seconds. This may 
require an additional circuit to actively reduce the speed when the robot shuts down. 


Limiting Torque 


As I mentioned earlier, self-destruction is a big issue for spinners because the huge amount of 
energy that’s released into the opponent is also experienced by the spinner. That’s why it’s a 
good idea to build in a way to try and minimize the amount of force that’s transmitted back to 
the robot. You can use a ¢orque limiter or slip clutch, which transmits power up to a point before 
releasing and spinning free. You want to set the release torque just high enough to make sure 
that you can get the mass going quickly without slipping. 


You can also take advantage of the characteristics of V-belts, which can slip a little in a large 
impact because they use friction to transmit power. This slippage prevents the system from 
absorbing all of the energy. Note that belts require sheaves, shown in Figure 18.14, which are 
the equivalent of sprockets in a roller chain system, to transfer power. Also, you will have to 
provide some sort of means to tension the belt, just as with sprockets and chain. 
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cross section 
FicureE 18.14: V-belt and sheave. 


Gyroscopic Effects on Steering 


Consider the gyroscopic effect of a spinning top. The gyroscopic force wants to hold the top 
upright against gravity. This is because of a side effect of angular momentum called precession. 
Spinner robots experience the same sort of gyroscopic forces, which have an effect on the way 
the robot steers. It isn’t so much of a problem for horizontal spinners, because when you move 
in the plane of rotation, the effect of precession isn’t nearly as pronounced — they will tend to 
drift in the direction of rotation (see the following note). Vertical spinners are the ones that 
experience the full impact of this phenomenon, because they turn perpendicular to the spin 
axis, which causes them to lean as they turn, as shown in Figure 18.15. One way that they can 
compensate is to have a really wide base, or a pair of outrigger wheels. Although drum robots 


have the same spin direction and turn axis as vertical spinners, they don’t experience the effect 


as much because the drum rides much closer to the ground, which lowers the center of the 
rotating mass. A lower center of mass means that the twisting (tipping) gyroscopic force has 
less mechanical advantage on the robot's frame, and is less likely to cause it to topple over. 








this wheel 
lifts up 


this wheel 
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Ficure 18.15: The effect of precession on a vertical spinner. 
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Some competitors use radio-control helicopter gyros to help compensate for the drift in the 
direction of rotation with horizontal spinners. These go in between the receiver and the speed con- 
trols, and help to keep the robot moving straight. Be warned, however, that some gyros do not 
operate when upside down, and that you should trim your controls (as discussed in Chapter 19, 
“Troubleshooting") after the addition of the gyro. 
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Driving a Spinner 

Effectively driving a horizontal spinner doesn’t require as much timing and accuracy as many 
other weapons that need to be triggered, such as a lifter, clamper, or hammer. Since the weapon 
is always active, all you have to do is make sure that it’s pointed at the target. In fact, horizontal 
dome spinners can simply wait for the opponent to come to them. All spinners should be — 
equipped with a fast enough drive so that they can evade an opponent and buy themselves 
more time to spin up to full speed. You will also need a reliable way of telling which direction 
you're facing with dome spinners, since the whole beay’ is moving. Some competitors use flags 
or bright lights to indicate which direction is forward. 


Get out into the middle of the arena, since you will probably end up flying a fair distance upon 
impact, and you don’t want to be thrown up against any walls. 


There is a series of proportional speed controls designed by !Flrobotics specifically to handle spin- 
ning weapons. Based on the popular Victor line, the Victor SC (Spin Controller) dedicates all of its 
circuitry to spinning in a single direction, while still maintaining the same size and weight as a 


-| regular Victor. It also features a soft startup (so that you don't waste a lot of battery power get- 





ting up to speed) and an automatic ramp-down in the absence of a valid receiver signal, which is 
handy in meeting competition spin-down requirements. Since you have proportional contro! of 
the speed, you don’t have to run at full speed all the time (as with a solenoid switch), which is 
useful if your robot becomes unstable at very high speeds. The Victor 883 SC handles 90 amps 
and costs $170, while the 885 handles 150 amps and costs $220. 
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The Thwack Bot 


Thwack bots (see Figure 18.17) are generally two-wheeled robots that have a long arm with a 
mass on the end that serves as the weapon. As the robot rotates in a circle, the mass accelerates 
like a spinner. While driving, the arm drags either in front or back, but when they spin, the arm 
usually lifts up due to centrifugal force. Because of the nature of this estes most thwack bots 
are completely invertible. 





sledgehammer head 


FIGURE 18.17: Standard thwack bot. 


Horizontal or Overhead? 


Most thwack bots spin horizontally to build rotational momentum. Some, however, use an 
overhead approach to the attack (see Figure 18.18). Much like a hammer, they bring the 
weapon crashing down onto their opponents. The actual mechanism is unique because they 
build linear momentum by rushing at the opponent, but then stop just before impact, and slam 
their drives into reverse. The momentum continues through the arm, while the wheels run in 
reverse, and swings the entire body around on the wheel axis. : 





FicurE 18.18: Overhead thwack bot. 


Head Types 


Your choice of what type of head to put at the end of the arm will depend upon what type of 
damage you want to inflict. A sledgehammer will give you bludgeoning power, for shaking 
something loose internally or bending frame components. This is a robust solution and should 
hold up well in battle, provided that the head is well mounted. A spike will give you the possi- 
_ bility of penetration and damaging internal components. A longer spike buys you the possibil- 
ity of deeper penetration, but will also be more subject to bending. Finally, a wedge tip can give 
you the ability to pop opponents up and possibly onto their backs when used horizontally. 
Make sure that the wedge is double-sided (a parallelogram, as seen in Figure 18.19), so that it 
can be used even if the robot is inverted. 


— 


direction of spin 


Ficure 18.19: Parallelogram head profile. 





Driving a Thwack Bot 


| 

| 

| 
Most thwack bots operate in either driving/positioning mode, or stationary spinning mode. It’s | 
impossible to do both at the same time without some help. Some competitors have been devel- : 
oping controllers that will allow the robot to move in a definite direction while spinning. 


, 
Generally, a thwack bot’s strategy should be to get out to the center of the arena, away from the 
walls, so that they have enough space to spin up and swing the arm. From then on, it’s gener- 

ally a game of move, spin, move, spin. | . 

| 

[Note _| If a thwack bot becomes inverted, it can benefit from an inverted drive control as described in . al 
eS Sj Appendix A. | 







Cutting Weapons ior 


Traditionally, cutting weapons have produced sparks, but don’t really carve into opponents to | 
cause any real damage. It’s a difficult task because a saw (or drill for that matter) needs to stay | 
in one place to really get anywhere. In the arena, things happen too fast, and unless you can 
latch on to an opponent, all you'll end up doing is causing cosmetic damage on the outside. | 
However, using a saw blade with the teeth spinning in the up direction actually works as a vari- 
ation of the vertical spinner. The saw blade usually grabs the opponent and tosses them up. If | | 
you want to use this strategy, then a saw blade with fewer, larger teeth should be used, which 
will make it easier to catch an opponent. | 


_ Wrapping Up 


This is a snapshot of what’s been tried so far. By no means is it a road map or a blueprint. 
Some of the most successful robots out there are variations of an original idea. Also, some 
favorites have combined old ideas to form something new and fresh. Don't be afraid to mix and ! 
match as you see fit. 


The important thing to keep in mind is your weight budget. Most would-be robot designers 
call out for “a flipper on every side” for example, without considering the amount of weight that 
each weapon requires. While this would be possible, it would divide the amount of weight that 
you can spend on making that one weapon more effective, which is more valuable to me as a 
competitor. 


You never know what's going to work in the arena. You've just got to take a guess. Competitors 
change all the time. That’s part of what makes this sport so fun: seeing what different people 
will come up with next, and how your idea works with theirs. 


Troubleshooting 


ou've got the robot basically together. All the parts are in place, and it 

all seems like it should work, but something’s not quite right. 

Discussed in this chapter are some common problems, including 
being overweight, having a drive response that’s difficult (or impossible) to 
control, and various electrical/radio problems. I’ll list some techniques for 
putting your robot on a quick weight-loss program, which includes thinning 
armor, changing armor types, and possibly even changing battery types. 

_ Here, you'll find fixes for uncontrollable drive such as adding an exponential 
response to your steering and changing gear ratios. Finally, I explore electri- 
cal/radio problems that frequently occur, and suggest solutions like switch- 
ing to a Dean's antenna and reducing electrical noise within the robot. 


Some of these solutions may seem a bit drastic, but your choices become 
limited at this late stage of the game. Throughout the rest of the book, I’ve 
tried to stress techniques to avoid these problems in the first place, but 
sometimes in the design process, you have to make compromises and 
adjustments that cause other unanticipated problems, such as the ones 
addressed in this chapter. All robot builders have experienced at least one of 
these problems at some time or another, so don’t worry, it’s normal. 





Weight Problems 


Almost everyone experiences the horror of having a robot that’s just over its 

target weight. The scales don't lie, and in most competitions, there’s no 

grace on weight limits. What do you do? Here are some of my tips for 
weight loss: 


Before making any drastic decisions, try calculating the amount 
of weight you stand to lose by each procedure. Then, make your 
choice and go for it. 


| _Caution 
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Make the Armor or Baseplate Thinner 


In losing robot weight, you've got to think in terms of volume. Look at the 
square footage on your robot. You can get the most bang for your buck by 
making a large plate thinner. Following are two different strategies applied _ 
to the same piece of armor for comparison. First, let’s say that you have a 
piece of 1/4-inch aluminum for top armor that measures 24” x 20”. 





Volume= L X Wx D= 24 in. X20 in. x 0.25 ti) 120 in.” 
Weight= volume X density= 120 in. X 0.1 lbs/inP = 12 Dds. 


So, the overall weight of this piece is 12 pounds. The first thing to try out is a thinner plate. 
Shave off 1/16 inch make the thickness 3/16 inch and check the result. 


Volume= LX Wx D=24 in. X 20 in. x 0.1875 in. = 90 in.’ 
Weight= volume x density= 90 in. X0.1 lbs/in2=9 Ibs. 


So, just by switching to a slightly thinner armor, you can save 3 pounds. That’s great. Next, try 
switching materials from aluminum to Lexan for the original thickness and check this result. 


Volume= L x Wx D= 24 in. x20 in. x 0.25 in. = 120 in.’ 
Weight= volume x density= 120 in. X 0.043 lbs/in = 5.16 Lbs. 


Switching to Lexan saved over half the weight. Of course, the tensile strength i isn't as high, and 
you should also factor in to your decision what weight class you're competing in, and how 
strong the weapons are. 


Drilling Lightening Holes 


Just for kicks, compare the good old lightening hole method, using a 1-inch diameter hole saw. 
This is popular in the pits, because it seems like a good idea for aluminum, and it’s pretty quick 
to drill a Pig hole, but you'll see why it’s likely to take the most effort. 


141 ; 
Yolume= Tr p= Be" 7p p= GANOC my § (0.25 in.) = 0.196 in.’ 


| Weight= volume X density= 0.196 in.’ x 0.1 /bs/in.? = 0.02 dbs. 


So, in order to lose 3 pounds as in the first example, you would have to drill 150 holes in your 
24” x 20” x 1/4” top armor plate. You can see the futility of turning this item into swiss cheese. 
Your chances of success with the lightening hole method rise as the material’s thickness and 
density get larger (as in a thick steel plate), but always do a little calculation before diving in, 
since you could end up weakening your robot a lot more than if you'd just replaced the plate 
with something slightly thinner. 


Attack Steel - 


Steel is the heaviest material you've got and it can make an immediate difference. How far are 
the axles extending into the wheel hubs? Are they hanging over the bearing blocks? If your 
axles are fixed and you don’t need keyed shaft, you may consider going to hollow 4130 axles. (1 
would only recommend doing this for double-supported shafts — no overhung loads.) Are 
there any other items made out of steel that could be replaced with aluminum? 









A hole saw (see Figure 19.1) works surprisingly well on mild steel. First, however, you need two 
| things: slow speeds (under 100 RPM) and lubrication. Automotive motor oil will work fine. You 
should make sure that you immobilize whatever you're cutting, and that the part is rigid (as little 
vibration as possible) and secure. You should cut slowly, but with a lot of downward pressure 
into the part. It will smoke a bit, but that's okay. It will take awhile, but that's to be expected. 
Double-check Chapter 7, “Drilling and Tapping Holes," for tips on safe setups for drilling. 





Ficure 19.1: Hole saw for drilling steel. 


| Change Battery Types 


By changing battery technologies, you may be able to maintain performance while losing pre- 
cious weight. I know this may sound like a pretty drastic measure, but it resulted in quite a bit 
of weight savings for my robot Deadblow. Generally, you will gain the most benefit by chang- 
ing from SLA (sealed lead acid) batteries to nickel cadmium (NiCad), but you can also change 
from NiCads to nickel metal hydride (NiMH). 


Of course, there are a few things that you have to consider. First of all, you can’t just copy the 
number of amp-hours when you switch to NiCads because of the difference in de-rating fac- 
tors (as described in Chapter 15, “Choosing Batteries”). Remember that the actual amp-hour 
capacity of an SLA battery is 30 to 40 percent of the manufacturer’s rating, as opposed to 85 to 
90 percent for NiCad and NiMH packs. The best thing to do is to go back to your initial cal- 
culation of the required current and re-select the NiCad packs based on those calculations. 
Also bear in mind that the NiCad packs don’t put out as much instantaneous current as SLA 
batteries, and are generally available in much smaller amp-hour ratings, so you may have to put 
several NiCad packs in parallel to make sure that you have enough battery capacity. The 
NiMH packs are a little lighter than NiCads, and have the same de-rating factor, but are not 
capable of the same instantaneous current output. That’s why your best performance tradeoff is 
switching from SLA batteries to NiCad packs. 





yt: An Illustrated Guide 


By far, the biggest limiting factor in this upgrade is cost. The best NiCad packs available for 


a, 





robot combat are custom made, and usually cost upwards of $100 each. You could use packs 
made for radio-controlled cars, but they aren't available in convenient 12-volt packs. You could 


- make your own packs out of individual cells, but that is.a tremendous pain in the ass. In addi- 


tion to the expense of the battery packs themselves, you will also incur the cost of new charg- 
ers, since they're not interchangeable with those made for charging SLA batteries. 


For a review of battery terminology and technologies, refer to Chapter 15. 


Your Drive Is Uncontrollable 


This is usually a symptom of two-wheeled robots, and lightweights in particular. I’ve seen count- 
less matches where two small robots are zooming around the arena at high speed, but never even | 
touch. Besides being incredibly boring to watch, it’s really difficult for the judges to score such a 
match. The whole point of having a weapon is to bring it into contact with your opponent. 


Add Exponential Response to Your Stick 


If you've got a computer radio (one that has programming capability and, usually, an LCD 
screen), then you're in luck. There are some easy things you can do to make the left-right turn- 
ing response less sensitive on your stick. 


Normally, the control stick for an R/C channel has a proportional linear response. This means 
that each movement of the stick produces an equivalent change in the output. This is fine for 


‘ most things, but if you're having trouble driving straight, you can change the side-to-side 


(turning) response so that it’s less sensitive (“touchy”). Oh, you'll still turn, but what you're 


' doing is adjusting things so that turning requires more of a move from the stick. This makes it 


easier for you to make minor adjustments to your path without swerving all over the arena. 
Figure 19.2 shows the difference between linear and exponential responses. 


pwm With an exponential curve, the stick has to 
output move further to get the same pwm output. 
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FiGurE 19.2: Linear and exponential response curves compared. 








This is only applicable to mixed channels (whether mixed in the radio with elevon or PMIX, or 
with an external mixing unit) where one stick controls both sides of the robot's drive. _ 


For more radio-control programming tweaks and techniques, see Appendix A, “Advanced R/C 
| Programming.” : 





Change Your Gear Ratio 


Your drivetrain may be geared for too much speed and not enough torque. You may also expe- 
rience the robot coasting to a stop and drifting after you've told it to stop. Gearing your drive- 
train so that the output RPM is lower may help you a lot in this situation. Of course, you've got 
to pay a price, and that is top speed. But consider this: If speed is a big part of your weapon, 
then you've got to line up on a target before you can hit it. If you can’t accurately aim for your 
opponent, you'll be careening across the arena at top speed right into a wall. Don't feel bad 
about sacrificing the speed; you'll earn it back in maneuverability. | 


For a review of gear ratios, check out Chapter 9, “Selecting Drive Motors.” 


“| Adjust Your Weight Distribution 


Try moving the battery forward or backwards in the frame, as demonstrated in Figure 19.3. 
After trying a few different positions, you may find that there is a spot where the balance helps 
out your steering significantly. This has to do with how the majority of the weight is carried by 
the wheels. 





Figure 19.3: Shifting the battery forward and back. 








Note] You: ‘wan a negative axPOr 


‘near neutral 





Change a Caster to a Drag Wheel 


This trick has helped out a few builders before. Try replacing your regular caster with a fixed 
(nonswivel type) caster, as shown in Figure 19.4. You won't lose any speed due to friction when 
youre traveling straight, since a fixed caster will roll just fine forward and back. Since the wheel 
doesn’t swing around when you turn like a swivel caster, it has increased side-to-side resistance 


that will help keep you going straight. 





fixed caster swivel caster 


-Ficure 19.4; Fixed and Swivel casters. 


Practice 


It seems like an obvious one, but I have to mention it. If you've done all that you can with the 
above steps and you've still got a robot that’s snaking all over the place, then all you've got left 
is to accept that and practice. You've got to drive your robot and then try driving it some more. 
Nothing can replace time when you're learning to drive. The key is to keep at it. Eventually, it 
will become second nature. 
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Refer to Chapter 17, “The First Test Drive," for some great tips and exercises for developing 


your driving skills. 





Electrical Problems 


Well, the robot works great until you put the lid on. You've got no response, or the robot is 
twitching, and barely controllable. What went wrong? I have to admit that I suck at the actual 

"physics of antenna theory (not one of my favorite subjects in capone But here are some 
proven techniques for the robot builder. 


Managing (not Mangling) Your Antenna 


If your outer armor is all metal, as many combat robots are, then you need to make sure the 
antenna is off this metal surface by a minimum of 1/4 inch, as shown in Figure 19.5. If you've 
got Lexan armor, then you needn't worry about this. You can prop the antenna up with a non- 
conductive material or make a little holder. It doesn’t matter. All that matters is that you keep 
the antenna away from the armor. Also, make sure that the antenna doesn’t cross itself. You can 
make a tight zig-zag pattern, but no loop should cross another loop. 


Don't change the length of the antenna wire. This means do not cut it to make it shorter or add 
4. ~ 4 wire to extend it. The length of the wire is related to the frequency that it's trying to pick up, and 
<CAUTIONSA Changing that length makes the antenna less efficient at doing its job. 








FicureE 19.5: Body clearance for antenna. 


Switch to a Deans Antenna (R/C only) 


The Deans antenna (see Figure 19.6) became the miracle solution for the fighting robot com- 
munity. It’s an antenna that is added to the end of your receiver antenna. It’s relatively cheap, 
durable though easily replaceable, and it works great. You actually cut your receiver antenna 
(scary, I know, but it works). For best results, you should follow the instructions exactly. 


ubleshooting 








deans antenna parts 


deans antenna installed 
Figure 19.6: Deans antenna. 


Separate Power and Signal Leads 


Your motors and the wires that supply them are capable of spewing out a lot of electronic noise 
that can interfere with your radio. All standard radio-control leads are unshielded, meaning. 

they have no metal jacket to help reduce noise. This means that they are big targets for picking 
up nasty noise signals and confusing your radio, servos, and speed controls. : | 


Motor noise suppression capacitors can help alleviate the amount of noise that the motors put 

| out. The caps should be 0.1 ,1F (usually has 105 printed on the cap) nonpolarized and rated for 
at least two to three times the voltage that you're running the motors at. A ceramic disc cap is 
small and works great for this application. Figure 19.7 shows a typical configuration, but you 
may be able to get away with just putting a cap across the motor leads alone. You'll have to try 
it out and see what works. , 





Also make sure that all motor and power leads that connect to the speed controls are twisted 
together. Specifically, you should twist the positive and negative wires of the motor around 
each other, to form a tight spiral wrap, as shown in Figure 19.8. The same goes for the power 


leads. 


Chapter 13, “Choosing Your Control System," has some radio tweaks that might bear reviewing 
if you've still got radio problems. You can also check out Appendix A for some more tips. 











make sure all 
capacitor leads 
are insulated —»> 








Ficure 19.8: Wrapping the leads. 


__ The Drive Is Cutting In and Out 


When you purchase an IFI speed control, it usually comes with a complementary 20A thermal 
self-resetting breaker. If you've put it inline with the speed control input, then you should 
remove it from the system. In this sport, it’s all or nothing. 


Replace your drive battery with a known good fresh battery. Sometimes, if the battery voltage 
is too low, it will drop below the voltage threshold to keep the electronics inside of the speed 
controls running, and they'll shut down momentarily until the voltage comes back up. 


Replace the receiver battery with a known good fresh battery. You may have been using the 
same receiver battery for quite a while. It’s easy to forget about this. If the battery’s really low, 
the signal may be intermittent, which will cause the speed controls to lose track of their 
commands. 


Wrapping Up 


The most common problems combat robot builders have are outlined in this chapter. If what 
you've got isn’t listed here, check out the Web sites listed in Appendix D, “Online Resources.” 
The competitors’ Web sites are especially helpful here. 


oing toa 
ompetition 


his is it! All those weeks (and possibly months) of work have come 

down to this event. Are you ready? Your tasks related to a competition 

can be divided roughly into before, during, and after the event. Before 
the event, you've got to do a little research to find an event you want to 
enter and make sure to fill out all the registration paperwork to get yourself 
into the competition. You can’t just show up unannounced at the door with 
a robot under your arm — organizers like to know who’s coming well ahead 
of time. By the time competition rolls around, you'll probably be really, 
really tired. Don't worry, it’s normal. You'll have to make a checklist of tools. 
and supplies so that you don’t forget anything. 


When you first get to the event, it will probably be pretty chaotic, and you'll 
have to get your pit table set up, make sure your robot passes safety, and find 
out when your fights are. During the fight, your mind will probably be rac- 
ing. Pll try and explain some of the things that are important to focus on, 
like your driving, and give you a few tips that will help you get prepared, 
like setting up an all-important preflight checklist. 


Before the Competition 


There are a lot of things you've got to do in order to get the chance to com- 
pete, and building a robot is just one of them. By taking care of a few prepa- 
rations ahead of time, you can make things a lot easier on yourself at the 
competition. 


Finding a Competition 


BattleBots, Robot Wars, and Robotica have hosted the major televised 
robot combat events in the past. Check the respective Web sites for rules 
and event information. Check Appendix D, “Online Resources,” for the 
addresses of these Web sites and others. | 


A national organization called the RFL (Robot Fighting League) was 
recently formed to help bring together all the regional competitions and put 
forth a unified, but extensible rule set. (Extensible means that the rules 
remain basically the same, but certain parts can be adapted to the specific 
arena’s safety capabilities, since not every arena is the same.) This is the best 
source of information for local fighting. Events are constantly being added, 
and you may find one nearby. 
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Getting Your Paperwork Done 


Every competition has paperwork. It’s inevitable. Applications, tax forms, and safety releases 
are just a few of the documents you may be required to fill out. Different competitions require 
different documents, so you should make sure that you're fully aware of what you need to turn 
in. For example, you may have to sign a release form to have you and your robot appear on TV, 
and where royalties are involved, there may be tax forms that you've got to fill out. You may 
also have to provide proof (in the form of a picture) that you have more than just a vapor-bot (a 
robot that exists only on paper or in the computer). There are deadlines for the submission of 
all these materials, so make sure to get your entry fees and paperwork in early. You've spent all 
this time and money getting your robot together; don’t let a minor thing like submitting your 
forms on time be the deciding factor that prevents you from playing. 


Finishing Your Robot 


The best-case scenario: The robot is pretty much done before you go to competition. You've 
tested the weapons system on several different targets and had a few days of driving practice. 
You have a short list of things to tidy up. You followed the safety requirements to the letter, and 
youre a few pounds underweight. You're pretty well rested, though a little nervous. 


The worst-case scenario: You're on your third all-nighter. There is a long list of things to take 
care of and instead of getting shorter as you complete tasks, it just seems to keep getting longer. 
You've long abandoned trying to make fancy machined parts and are doing most things with 
the jigsaw or bandsaw. You're pretty sure you can make safety, though there are a few things 
that might be a little questionable. You weighed the robot a week ago, but a lot has happened 
between then and now. Nothing has been tested, short of your first “yeah, it works” test weeks 
ago. Your first time driving the robot will be in the arena tomorrow afternoon. 


- The reality: You should be somewhere in between, hopefully a lot closer to the best case than 
the worst case. Let it be said: Try your best to finish the robot ahead of time. Give yourself arti- 
ficial deadlines. Don’t leave it to the last minute. Trust me. I know. 


Make a Checklist of Tools and Supplies 


You can't bring the shop with you. Some have tried, but unless you've got an 18-wheeler with a 
machine shop already built in, it’s not going to happen. Instead, make a list of all the essenttal 
tools and supplies that you need. These will be the items that are difficult or impossible to get 
on the road. 


You should pack as lightly as possible, since you won't have much room in the pits (see the 
description of pit conditions in the next section). For instance, don’t pack the bandsaw, but do 
pack the jigsaw. It’s the tool of choice in the pits because you can change blades easily, it’s com- 
pact, and the precision is good enough for a pit repair. 


] Appendix F, “Tables and Charts,” has a sample list of tools and supplies for your travel kit. 


| ‘ Special equipment may not be available to you, so you'll have to bring it or find a local source 


| ahead of time. Unless it’s a big competition, you most likely will not have access to a welder. 





Fortunately, you can count on at least a local hardware store, if not a big chain somewhere in the 


4 area. 








| Welding supply shops have ready supplies of N, and CO.,,. Hopefully, the event coordinators 
will have a listing of local shops, or you can ashe around in ce pits. Scuba supply shops can fill 
scuba tanks, but usually only for those who have dive cards. 


Loading all your stuff into the pits can be a real pain. Some competitions offer free dollies that 
you can borrow. I like to bring my own hand truck. It doubles as the carrier for the robot, since 
the distance from the pits to the arena can be quite far, and you can’t drive the robot outside of 
the arena. 


What you really want is a convertible hand truck with big, fat pneumatic tires (see Figure 20.1). 
Big fat tires help you easily get over the numerous cables and bumps between you and the 
arena. Dollies have tiny little caster wheels that tend to get stuck in cracks and have a low load 
| capacity, which means that they get damaged easily, and don't swivel very well after that. You'll 
be fighting the cheap dolly throughout the competition (instead of other robots). Spend a little 
more for the big wheels. It's worth it. 
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handle can be moved 
to convert to a regular 
~——— hand truck ———~|| 






Figure 20.1: Convertible hand truck. 


At the Competition 


_ The first day is going to be incredibly stecsatis You'll have to register, find your pit table, 
unpack your robot, and get your safety/technical inspection. And that all assumes that you’ve 
already finished the robot. 


‘What Will the Pits Be Like? 


It’s going to be crowded and noisy. You never have enough space, so you've got to be economi- 

_ cal. There will be people all around you who are probably just as busy as you are. Keep the 

aisles clear for traffic. There will be robots moving to and from pit tables all the time. Your stuff 
should be on or under your pit table, not blocking the aisle. 


Environmental conditions may be difficult in the pits. You may not have enough light, and you 
can't always count on being inside, which means it may be either very hot or very cold, and 
sometimes both. 


Set up Your Pit Table 


How big will it be? Not big enough. Usually 36” x 60” is all that you get. (Then again, if you've 
been building the robot on the kitchen table, this may be an improvement.) Will you have elec- 
tricity? Yes, but you will have to bring a power strip and an extension cord or two. Plug the 
extension cord i into the outlet, and then run it to your pit table, where you plug i in the power ~ 
strip. (The second extension cord is so that you can run power tools, such as a jigsaw or a 
grinder, a little bit farther away from the power strip and a little bit closer to the robot.) This 
way, you can use a single outlet, which is sometimes all you'll get, but should be all you need. 
You will be responsible for your own valuables, so keep them out of sight. 





10ing to a Competition 





Set your battery chargers up first. Sometimes batteries will take a while to charge, and you 
1 always want fresh batteries charged up and ready to go. If you need to take fully charged bat- | 
teries off to make room for charging others, first take off the charged batteries and check their | 
voltage with a digital multimeter (DMM). Sometimes chargers will lie. Next, mark the full batter- | 
ies with a piece of tape over the terminals that says FULL or NEW. That way, when you're in a | 
hurry, and you have to change batteries fast, you won't get confused. Only remove the tape 
from the terminal once the battery has been installed into the robot and secured, and you're 
ready to plug it in. Make sure to do it the same way every time. 





Stow the tools and supplies that you're not using under the table, and try and keep your work 
surface clear for the robot. If you brought tools that you find you're not really using, then rele- 
gate them to the trunk of your car. Usually, your car isn’t too far away, and is close enough to 
run to if you find you need something after all. 


If you only use a few sizes of Allen wrenches and sockets, separate those out from the rest of the. 
set. If you're in a hurry, the other sizes just get in the way. | like to ap a small tray or box on the 
table with the most-often- used tools. 


A lazy susan (flat ring bearing), as shown in Figure 20.2, can make working on your robot in the 
| pits much easier. You can spin the robot around to work on one side or another. 





Safety Inspection and Weigh-In 


The safety inspection is a make-or-break situation for every robot (and robot builder). You 
must pass in order to compete. If you fail, then you must scramble to fix everything and then 
get retested. It’s not a pretty sight if you fail. There’s no use arguing the logic or goodness of a 
rule with the safety inspector. You had the rules and technical regulations ahead of time. Your 
reward for following rules is flying through the safety inspection. Your penalty for not follow- 
ing rules is either not playing, or suffering through whatever modifications it will take to bring 
you up to code. 





Fiure 20.2: Lazy susan (ring) bearing. 
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Note You should have all of the information and data sheets for all of the pneumatic or hydraulic com- 
ponents used in the robot ready for presentation to the safety inspectors. (It’s also useful to have 
= 4 a system diagram similar to the one in Appendix C, “Pneumatics.") They will be checking to make 
4 sure that the components you used conform to psi requirements. Don’t try to fool them. Many 
inspectors have been chosen because they can spot an underrated component on sight. If they 
say you can't compete until you change it out, then it’s back to the pits for a lot of scrambling. 





The weigh-in is the other stressful part of the process. If you don’t make weight, then it’s back 
to the pits to hack away parts of your armor, frame, or Wweaporl. The scales don't lie, and if you're 
over, then you can't fight. 


See Chapter 19, “Troubleshooting,” for tips on robot weight loss. 





—| Transmitter Impound 


Since the radio-control frequency spectrum is divided into a small number of channels (50 for" 
aircraft and only 30 for surface models), competitions have instituted a transmitter impound. 
Why? With so many competitors, it’s guaranteed that two people will have the same frequency. 
If both people have their transmitters turned on at the same time, they can interfere with each 
other because they’re sending out signals on the same channel, and the robots won't know who 
to listen to. Out of control robots at an event (or anywhere else, for that matter) are a big no- 
no. By keeping all the transmitters in a special room under tight control, event coordinators can 
minimize the risk of having runaway robots. What this means to you is that you've got to relin- 
quish your transmitter (your “baby”) as soon as you set foot at the event. You can only see it 
during certain designated times (such as when you're going to fight, obviously) and not at any 
other times. I personally found this to be a source of great anxiety at an event. If you want to 
check something, then you've got to go to transmitter impound and wait in line to get your 
transmitter back. You may have an hour (or much less, depending on the size of the event) to 
make your adjustments, and then they send someone after you to get it back. 


Smaller events may use a frequency-clip system. The idea is that there is a big board some- 
where that has all the available channels listed on it. Next to each channel, there is a little clip 
(usually a clothespin) that has the channel numbers on it. You check out the clip for testing or 
fights. You get to keep your transmitter (yay!) but you must not turn it on without the clip. You 
must also return the clip immediately after you're done. 


If you're using an IFlrobotics system, then most competitions will allow you to keep your control 
| system. This keeps you out of transmitter impound, which is great. (And did | mention that trans- 
mitter impound is a real drag?) This allows you to test whenever you feel like it, tweak your 
code, or just stare at your controller. The price that you pay is that you must plug in the tether so 
that you don't transmit to the arena. 
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Know Your Fight Times 


You should check the event schedule and know your fight times. Even the boecicien events sige 
slightly behind schedule, but don’t count on it. You will usually be called early to line up, so be 
prepared. You want to have everything in order when they call. In addition, if you need to fill 
your air system, you should take care of this before they call you, since things like this take time 
and are dangerous, and you don’t want to rush it. You may also need time to check your trans- 
mitter out of impound or grab your frequency clip. Panic is not a good prefight emotion. 


Don't scream at the runners who come to ask you to line up. It's not their fault if you're not | 
| ready. They're just doing their job. . 





You should also copy down the event bracket to see who your potential opponents are. The 
bracket should be available at all times, although the actual fight times will we: not be 
posted until the night before, or the morning of each day. 


Talk to Other Builders 


One of the great secrets of this sport is that fighting is only part of the fun. Meeting other 
builders and hanging out with them is sometimes just as much fun as fighting. In past inter- 
views, I’ve described a combat robot event as “a really cool party, and your robot is your ticket 
to enter.” Where else can I sit down with just about anyone in the pits and delve right into a 
conversation about the merits of neoprene shock absorption for armor, or brushless motor con- 
trols? These are people whose lives have a/so revolved around these combat robots for the past 
number of months or years. 


Talking to other builders and making friends will be handy later on if you have to borrow tools or 
the odd screw. Personally, I'm not really all that good at approaching people I've never met 
)| before and asking for stuff. If I've chatted with them about where to find the doughnuts or how 
they like their Colson caster wheels, or whatever, then I'm not so intimidated to ask for help 
when | need it. 





This is your best chance to see other robots up close and personal. It’s your opportunity to 
gather ideas and see how other people solved their problems. Don't try to remember every- 
thing. Take pictures instead, but make sure to ask the builder efore you take a picture of his or 
her robot. If you see something of interest, ask. Usually, builders are proud of the items that 
make their robots cool and unique. 


It's important to be sensitive to the builder's situation. If they're getting ready for a match or in 
the middle of fixing a serious problem, then it’s not a good time to interrupt. If they're just sitting 
around, then go ahead. I'm sure they'd love the company. | always do. 








yt: 


Also, if you're approached by a fellow builder, be prepared to talk about your robot and its capa- | 
bilities. Take the top armor off and show them around the inside, even if you're going to fight | 
them. Doesn't this sound like I’m giving away an advantage? Not really. Consider this: My 

robot Deadblow has an extremely fast hammer arm, and I’ve been practicing with it for several 

years now. If I could aim Deadblow’s hammer during a match to hit exactly where I wanted it 

to every time, I'd be a great shot. No, I would be a phenomenal shot. But in reality, my oppo- 

nent’s robot will be moving, my robot will be moving, there will be lights and arena hazards, 

and a million other distractions. Not to mention the amount of adrenaline coursing through 

my veins causing me to oversteer. Even if it was just the two of us out in the parking lot, and 

my opponent were standing completly still, it would still be challenging hitting a specific 

target. 


What I’m saying is that the likelihood of an opponent identifying a target and hitting it is 
more /uck than it is ské//. You have nothing to lose. If you choose to keep your armor closed and 
your robot a secret, then you'll look like a jerk — and losing the respect of your fellow builders 
is far worse than losing a match. 


Leave a Contact Number 


Although I’m sure youd like to hang out in the pits all day and night, eventually, you'll have to 
leave to get something to eat and perhaps some sleep. You should leave a little sign with your 
name and contact information. Occasionally, event coordinators will need to get in contact 
with you and if you're not there, having a contact number clearly displayed enables them to 
find you. 


Access to HPA/N, and CO, 


- Some competitions have aa on hand tad a qualified prafesdtional to help you fill up your 
robot. Most do not, and you're pretty much left on your own. In this situation, personal safety 
will be up to you. There should be a “safe” area for filling air tanks. You should find the exact 
location and then secure your tanks there. Make sure that you put your name and pit number 
on the tanks. 


You should bring eye protection (and full face protection, if you've got it) with you every time 


_ 7-1 you fill your tanks. You should clearly label the controls to your air-fill tanks (turning them on and 


uy AUTIO | ‘4 off) and practice with your equipment. If there's a problem and you need to shut off the tank 
s. 4 | immediately, having the controls labeled will help out a lot. The more practice you have, the bet- 





ter you'll be under pressure (no pun intended). 


Access to Machine Tools 


You can't count on having access to a machine shop or welding facilities. For insurance reasons | 
alone, it’s simply too much to ask a host to provide those items to the competitors. This means 
that every repair you'll be making in the pits will be with simple hand tools. 





During the Fight 


When you really think about the time that an average combat robot actually spends in combat, 
it’s very, very short compared to the amount of time it takes to build one. You've got to maxi- 
mize your time in the arena by being prepared. 


What Will the Arena Be Like? 


Usually, the arena will be an enclosed box, or an area that is behind a Lexan wall. There will be 
an announcer and an audience. It can be extremely loud and difficult to concentrate with all the 
music and cheering. You'll be called ahead of time to line up in a “fight line,” where contestants 
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will be waiting with their robots to go into the arena. You might be able to carry your 
lightweight robot to the line, but larger robots should bring their own wheels, as described in 
the “Tools and Supplies” section of this chapter. 


Preflight Checklist 


Hopefully, you've been updating your preflight checklist throughout the build. It evolves over 
time as you begin to see things that you need to check every time you go up for a match (think 
chain tension). Don't be afraid to revise it. Just make sure you rewrite it so that it’s readable even 
when youre in your most panicked condition. Try not to skip steps and follow the same routine 
every time. It helps if you say each step out loud as you perform it. (Okay, you can mumble it 
under your breath so the competitor in the pits next to you doesn't think you're crazy.) 


If you haven't composed your checklist yet, then try and take a spare (calm) minute to sit down 
and list all the procedures you need to perform to get ready for a match. Remember, it should 
include even things you think are ridiculously obvious. When you're under the gun, things won't 
be quite so obvious (or ridiculous) to you. | 
A sample preflight checklist: 

4. Get CO, tank filled. 
. Get transmitter from impound. 
. Put robot up on blocks. 
. CO, tank valve CLOSED/SAFE. 
. Air purge valve OPEN/SAFE. 
. Check chain tension. 
. Master Power OFF. 
. Receiver Power OFF. 


. Put new drive batteries in robot and secure mounting screws. 
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. Plug in drive batteries and tape (or cable tie) connector. 
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. Put new receiver battery in robot and secure mounting screws. 
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. Plug in new receiver battery and tape connector. 
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. Put old drive batteries on charger. 


—_ 
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. Put old receiver battery on charger. 
15. Quick check receiver ON/OFF (battery OK?). 
16. Quick check drive battery ON/OFF (battery OK?). 
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17. Check for activation tool (example: 5/16-inch Allen wrench). 
18. Check for activation tool spare. | 

19. Put robot on the cart. 

20. Go line up. 

21. Relax! 


| actually derive great comfort from the preflight checklist. It eliminates the horrible feeling that 
you've forgotten something important, and allows you to relax a bit before your match. 





Final items like turning on the receiver and master power switches and activating the air sys- 
tem will be handled in the arena, and should be written on the robot’s outside armor right 
around the switch, as described in the next section. 





Marking the Case 


In addition to your preflight checklist, you should mark on the outside case the sequence of 
things that need to be turned and/or flipped to activate the robot. You won't have much time in 
the arena to get things going — maybe less than a minute, so you should do your best to make 
it quick and easy. Holding up a match because you forgot what to do is bad form. Losing az 
match because you forgot to activate the air system is even worse. 


I use red to activate and green to deactivate. I draw the arrows with red and green migraine to 
help indicate which way to turn something, as shown in Figure 20.3, or to indicate the on and 
off sides of a switch. You could also use a label printer to clearly indicate ON and OFF. 





green marker red marker 











Figure 20.3: Marking the case. 
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ee You should be carrying with you two of each tool that you need to activate the robot. This could 
“=>{ be an Allen wrench or some other tool. Some competitors carry them around their necks. 





— Plan Your Strategy 


As I mentioned before, you should be prepared to talk about your robot with your opponent. 
After weeks of laboring on your creation, you should be quite proud of your accomplishment. 
It’s also a nice gesture to go over and say, “Hi.” Don't be intimidated. ‘This is how I’ve met some 
of the nicest people at these competitions. Really. They're probably just as intimidated as you 
are. | show them the inside of my robot, and we check out each other's systems. It won't harm 
you unless you've got something ridiculously mounted or badly designed, in which case, it’s 
only a matter of time before someone breaks it. 


What's more important for you as a competitor is to watch your competitors’ matches. Observe 
how they drive and what ¢heir strategies are. See how they've beat their previous opponents, 
then come up with your own plan on how to fight them. The event bracket, which shows the 
tree of which robots will be fighting in each round, will give you a clue as to whose matches 
you should be scouting. 


Relax While You Wait | . 


Right before the match, as you load your robot into the arena, your heart will probably be 
pounding pretty hard. There will be people telling you to wait here, and then go there. 
There will be lights and music and the sound of the crowd. It’s an incredible, overwhelming 


experience. 


Sometimes I chew gum to help calm my nerves before a fight. No matter how many times I’ve 

- fought, I always geta little nervous before a match. Try to relax. Chat with your opponents in 
line. You'll be waiting there together for a little while at least-—you might as well make the 
best of it. 


Do yourself a favor and don't try to psyche-out your opponent. It just makes you look like an 
ass, and word will spread in the pits. | haven't seen many people do this, but when you do, it 
stands out like a sore thumb. 





If your opponent requests a postponement of your match, grant it. It doesn’t hurt you — you 
came here to fight, right? It’s common good sportsmanship. Besides, I can only think of one 
instance where a competitor didn’t grant a postponement. That kid was booed so badly by the 
audience, I’m not sure if he’ll ever recover. It was pretty ugly. 
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Focusing on Your Driving 


Driving is what wins and loses matches. Even if you've got the most awesome. weapon in the 
world, it won't make a difference unless you can bring that weapon into contact with your 
opponent. There may be arena hazards and house robots to contend with that are far more 
destructive than your opponent. Avoiding them with driving skill can make all the difference. 


See Chapter 17, “The First Test Drive," for a review of techniques to improve your driving skill. 


Things happen. I have a favorite saying. It goes, “You never know what's going to happen in 

| the BattleBox.” What it means is that unexpected things happen all the time, and you can 
never, ever be certain of the outcome of a match. Luck plays a big part. All you can do is drive 
your best. 


When It's Over 


When the match is over, smile and shake hands with your opponent, no matter who won. I 
smile after every match, even if I’m really, really disappointed. If you lose, it’s natural to feel 
upset and disappointed. You may feel that the arena hazards all had your name on them, or the 
house robots didn’t like your looks, or the judges were scoring some other match. That's fine, - 
but whatever you may be feeling, don't get mad at your opponent. He or she was trying to do 
exactly what you were trying to do: win. The best that you can hope for is to have fought a 
close and exciting match. 





After you're safely back in the pits, share your damage with your opponent. I usually go over 
and visit my opponent, and check out his or her damage. Then we come back and check out 
my damage. It’s a fun way to relive the excitement, since you really only had about 3 minutes of 
actual combat. Occasionally, if your opponent is feeling generous, you will be given a great 
honor: a piece of their robot that was severed during battle, a souvenir of your fight. Likewise, 
if you find a good chunk of your robot that came off, sign and date it, and aye it to your oppo- 
nent. It does wonders for the spirits. 


Above all, remember that you're there to have fun. If you’re doing this to make money, then 
you've chosen the wrong sport. 
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Where to Go from Here 


Just because you're done with the competition doesn’t mean youre done with the project. 
Gathering and organizing your information now will help you a lot when it comes to the next 
round of improvements. 


Making a List of Upgrades 


Right after the competition, you'll be bursting with ideas on how to improve your robot. You 
may. have seen something cool or gotten a tip from a fellow robot builder. Write these ideas 
down as soon as you get home, while they're still fresh. You probably won't be able to make all 
your upgrades at once, so it’s helpful to have something to refer back to later. 


Write all your ideas down, no matter how ridiculous or expensive or weird. You can edit the list 
later for reality. Who knows? A ridiculous idea now may not seem so strange later on. 
Remember, people used to think putting drill motors in a robot was a silly idea, and now that's 
one of the most popular methods for locomotion. 





You should also keep very clear notes on what worked and what didn't work, although I’m sure 
the things that failed will haunt you for a while (as they do me). You want to be able to look 
back on your notes for specific cases where a certain part failed when you go to redesign. Since 
you may not be getting back into your robot immediately, it’s an excellent idea to record this 
right after the competition. 


Putting Together the Binder 


I like to put together a three-ring binder that has all of my notes fo a particular season. I orga- 
nize all of the notes by system: drive, weapons, frame, electrical, and so on, and put them into a 
binder with a tab for each category. Invariably, for this robot or another one down the road, 

you ll want to use the same part or vendor. (“Now where did I get that custom battery pack or 
special bracket?”) Also, the invoices usually have all the part numbers neatly printed on them, 
making ordering easier and more accurate. 


Hopefully, you followed my advice earlier and put dates on all of your diagrams. This way, you 
should be able to track changes chronologically. When you start to repair or upgrade, you'll 
_ find it handy to have a little note about why this spacer is here, or why you moved that hole. 


Personally, | find it therapeutic to put things in order when it’s over. At the end of a season, | 
have a mountain of papers with different bits of information scribbled on them. | sort it all out, 
and when I'm done, | can clearly see all of the work that went into my robot piece by piece. Also, 
| (and this is: probably the most important part), information is one of the most valuable com- 
modities in robot building. It loses value significantly, however, if you can't find it. 














Chapter 20 _ toa Competition 


Building a Web Page 


Setting up a Web page for your robot gives you a chance to show off all those pictures that 
you've taken during the process. (You did take some pictures like I mentioned in Chapter 1, 
“Getting Started,” right?) Also, get some of that video captured and uploaded. 


Some of the competition Web sites may provide links to your Web site from theirs. This will 
give you more of an identity on the Web. In addition, you can point potential sponsors to your 
Web site. This is your chance to showcase your accomplishments in whatever way you want. 
Take the time to write about the making of a part, for example. Was it easy or hard? Were there 
things about the part that you wish you could or plan to change? You could write about the 
competition. If you thought to bring a journal, then create a trip report. Talk about the people 
you met and the matches you've fought. 


Derek Young (www.automatum.com) and Jim Smentowski (www.robotcombat.com) both have 
| excellent trip reports that you can check out and share their experiences. See Appendix D for the 
| addresses of other notable builder Web sites. 


Volunteering Your Time 


If you're aching for some robot action during the off-season, then consider volunteering for a 
high-school event, such as BattleBots IQ or FIRST. These events are national robotic competi- 
tions for high schools. They represent a way for you to use your hard-earned skills to give a lit- 
tle back to the community. For more information, check the BattleBots IQ Web site at: 
www.battlebotsiq.com and the FIRST Web site at: www.usfirst.org. 


Wrapping Up 


My hope is that this chapter has painted a picture of what an actual competition might look 
and sound like, but it’s very hard to fully appreciate the experience without actually having been 
to one. My first competition was an incredible experience, as I suddenly realized that there 
were hundreds (possibly even thousands) of people who were just as nuts about these robots as 
I was. The amount of energy and enthusiasm buzzing around through the air was infectious. I 
was so tired, yet so pumped up at the time. 


This is one of the most exciting experiences you're likely to have in life, if you’re not already a 
star athlete or a stage actor, because you'll be performing live in head-to-head combat in front 
of hundreds, maybe even thousands, of people. It will probably make a lasting impression on 


ou, as it did on me. When it’s all over, you can take a look back at where you started, and then - 
y . y ¥ 


gaze upon your creation (whatever state of repair it’s in) and feel an immense sense of accom- 
plishment. You've done it. You've created your own combat robot. Congratulations. You should 
be proud of yourself. 























Advanced R/C 
‘Programming 


he basics of radio control were introduced in Chapter 13, “Choosing 
Your Control System.” The discussion now turns to some more 
| advanced topics. Like a scientific calculator, your radio-control trans- 

mitter is capable of so many more complex and powerful functions than just 
the basic add, subtract, multiply, and divide. In this chapter, you'll find out 
how to unlock those powerful mixing capabilities to get the output signals 
that you need. I’ll show you how to tweak the response of your radio-control 
system to maximize performance using end point adjust, and how to imple- _ 
ment your own custom mixing programs. All of the variations of tank turn 
mixing will be explored, and you will learn the quick and direct way to 
debug problems that you may be experiencing with the tank-turn mixing on 
your own robot. 


While all of these techniques will apply directly to the Futaba 
brand of radio controls, most families of radio-control transmit- 
ters have similar features and functions with slightly different 
4 names. 





Using EPA to Control Your Servos 


EPA stands for end point adjust. It’s also known as ATV, or adjustable travel 
volume. It allows you to set the end position (maximum travel) in each 
direction for a servo. Normally, when you command a servo to go to a posi- 
tion, it will go there and do whatever it takes to stay there until you tell it to 
move somewhere else. This means that even if the servo encounters an 
obstacle in its path, it will continue to fight to get to its commanded posi- 
tion, wasting power and eventually burning itself out. You can prevent this 
from happening by limiting the servo’s travel using EPA, so that it stops 
before bumping into anything at the end of travel. Using the following 
procedure, you can reduce the EPA in the desired direction until the servo 
\ no longer bumps into the obstruction. 








ot: An Ill ustrated 





aa Sometimes, it’s easier to adjust the EPA by first setting the value to zero and then slowly increas- 

=. | ing it until the servo travels far enough to do the job, but not touch the object. It's much quicker 
}| this way because you can watch the servo move as you adjust it. Make sure to have the control 
<1 stick in the correct direction when you make your adjustments. 


Checking and Setting EPA Limits 


. The following procedure applies to the Futaba 9C series of transmitters. Other models may 
have slightly different controls. 


1. Turn on the transmitter. 

2. Press and hold the MODE/PAGE button to activate programming mode. 

3. Use the dial to highlight END POINT, and press it to select this option. 

4. Use the cursor keys to select the different channels along the right side of the screen. 
5 


. To increase an EPA value, turn the dial clockwise. To decrease the value, turn the dial 
counterclockwise. 


6. Every channel has an EPA value for each direction. In order to choose the other direc- 
tion, move the control stick associated with that channel until the value that you want is 
highlighted. (Usually, there is a corresponding arrow on the screen.) You can use the dial 
to adjust the value as described in Step 5. 


7. Press END to accept the changes and return to the previous menu. 


8, Press END again to deactivate programming mode. 


- Tum It Up to Maximum 


When the recipient of a control signal is a servo, limiting the travel to a safe value makes sense. 
If the signal is going to a speed control, then you usually want the maximum range that you 
can possibly get. Otherwise, your motors, batteries, and speed controls will be capable of 
putting out higher RPM and more power, but you're artificially limiting them with the control 
signal. 


With most things, 100% is the maximum that you can get. In the radio-control world, 100% is 
just the default setting, not the maximum travel. In fact, you can increase the EPA in each 
direction of a channel above 100% to a value of 110% to 140%, depending on the brand and 
model of your transmitter. For the Futaba 9C series, you can use the procedure described earlier 


to set all of your EPA values. 





| Appendix. 


Tank-Turn Steering with Elevon Mixing 


As mentioned in Chapter 13, the most direct way to implement single-stick mixing is to acti- 
vate the built-in elevon mode. This section will help you figure out how to implement tank- 
turn steering with elevon mixing and make sure everything’s working well. 


What Elevon Actually Does 


Before we delve too deeply into the usage of elevon mixing, let me explain what it actually 
does. When elevon is enabled, the transmitter reads the control sticks for the aileron and eleva- 
tor channels. Instead of passing them on to the receiver outputs as usual, it performs scaling 
and addition (which is what mixing really is) to form new output signals. This scaling and 
addition is controlled on the elevon mixing screen. The overall scale factor and the polarity are 
changed to actually get subtraction for part of the signal. The signal path and the resulting sum 
that is sent to the aileron and elevator output channels are shown in Figure A.1. 









receiver 
control input output 
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Ficure A.1: Typical elevon mixing scheme. 


If you activate any additional programmable mixing (see the “What Is Programmable Mixing” 
sidebar), it acts like an algebraic sum on top of the elevon mixing. For example, in order to 
invert a channel that’s mixed at +100% (that is, change it to -100%), you've got to add —100%, 
which makes the algebraic sum zero, and then add another —100% to get it to the correct 
-100% level, as shown in Figure A.2.'This double mixing is usually implemented as two 
separate programmable mixes with exactly the same settings, and is the basis for creating your 
own switchable inverted driving mode. An inverted driving mode is useful if your robot has the 
capability to run upside-down. You can set up a switch to invert the left/right steering controls, 
which will allow you to drive inverted with the same steering sense as when the robot is right 


side up. 
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Figure A.2: Adding programmable mixing to invert channels. 





A simpler way to invert the channel would be to reverse it using the servo reverse function. 
However, this method does not allow you to control the reversing on the fly with a switch, which 
is what is necessary for an inverted driving control. 


Checking the Stock Elevon Settings 


In some radios, enabling elevon mode will bring up a default value of 50% mixing all around. 
This means that you won't be getting the maximum amount of travel from the signal, much 
like EPA described earlier. To correct this, make sure that all mixing values are set to 100% 
(maximum for the mode) and that all EPA values are set to maximum ony 140%). 


The stock settings for elevon should be as follows: 
AIL1 (AIL to AIL) = -100% 
AIL2 (AIL to ELE) = +100% 
ELE2 (ELE to AIL) = +100% 
ELE1 (ELE to ELE) = +100% 





Elevon Programming Examples 


In the following examples, elevon mode is used to perform the necessary mixing . tank-turn 
steering. Normally, the output channels used with elevon mixing are channel 1 (aileron) for the 
left-side speed control, and channel 2 (elevator) for the right-side speed control. 


Example: Activating Elevon Mode 


Following are the steps required to activate elevon mode for the Futaba 9C series transmitters. 
Other models may have slightly different controls. 

1. Turn on the transmitter. 

2. Press and hold the MODE/PAGE button to activate programming mode. 


3. Press the MODE/PAGE button again briefly to bring up the next page of options. Use 
the dial to highlight ELEVON and press it to select this mode. 


4. Use the cursor keys to move up to the MIX line. Turn the dial to the left to activate this 
mix mode. The screen should say ACT next to MIX. 


5. Use the cursor keys to return to the previous screen and make sure that the default mix- _ 


ing settings are identical to those listed previously. 
6. Press END to accept the changes and return to the previous menu. 


7. Press END again to deactivate programming mode. 


Example: Standard Inverted Driving 


To set up an inverted driving mode along with the standard elevon mixing, you have to first 

_ enable elevon mixing as described earlier, and then create four programmable mixes (two dou- 
bles) as previously discussed to invert the aileron mixing. Basically, what you're doing is adding 
aileron to itself at +100% twice and aileron to elevator at -100% twice, which will invert only 
the left/right steering. Since the aileron control input is the left/right stick, you need to flop 
those control signals to have the correct response. | 


Listed next are the steps required to create the programmable mixes for the Futaba 9C series 
transmitters. Other models may have slightly different controls. 

1. Turn on the transmitter. 

2. Press and hold the MODE/PAGE button to activate programming mode. 


3. Press the MODE/PAGE button again briefly to bring up the next page of options. Use 
the dial to highlight PROG.MIX1, and press it to select this mode. 


4, Use the cursor keys to move down to the MIX line. Turn the dial to the left to activate 
this mix mode. It should switch from INH to ON or OFF. 


5. Use the cursor keys to move down to the MAS line. This is the master channel select. 
Turn the dial until it says AILE. 
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6. Use the cursor have to move down to the SLV line. This is the slave channel select. ‘Turn 
the dial until it says AILE also. — 


7. Use the cursor keys to move down to the SW line. This will select what switch activates 
the mixing. Turn the dial until it reads D, which is the upper-right-corner switch. 
Although switch D is used in this example, you can select whatever switch you feel com- 
fortable with. 


8. Use the cursor keys to move down to the POSI line. This will select which position of 
the switch will actually activate the mixing. Turn the dial until it says UP. Flipping the 
switch UP will engage the inverted driving mode. Although the UP direction is used in 
this example, you can use whatever direction you feel comfortable with. 


9. Use the cursor keys to move back to the RATE line. Turn the dial until the number 
under the right arrow is +100%. Move the right control stick slightly to the left, and turn 
the dial until the number under the left arrow is also +100%. 


10. Press END to accept the changes and return to the previous menu. 
11. Use the dial to highlight PROG.MIX2, and press it to select this mode. 


12. Repeat Steps 4 to 10, making sure that you maintain the same switch choice and activa- 
tion direction. (This is the second of the double program required for a correct algebraic 
sum on this channel.) 


13. Use the dial to highlight PROG.MIX3, and press it to select this mode. 
14. Repeat Steps 4 to 10 with MAS = AILE, SLV = ELEV, and RATE = -100% in both 


directions. Make sure that you maintain the same switch choice and activation direction. 
15. Use the dial to highlight PROG.MLIX4, and press it to select this mode. 
16. Repeat Steps 4 to 10 with MAS = AILE, SLV = ELEV, and RATE = —100% in both 


_ directions. Make sure that you maintain the same switch choice and activation direction. 
(This is the second of the double program required for a correct algebraic sum on this 
channel.) 


17. Press END again to deactivate programming mode. 


a The RobotLogic IMX-1 external mixer has the ability to correct for inverted driving. It has a sep- 
arate “inverted” input that connects directly to one of the receiver channels. You can use this 
xX. | channel to switch to inverted mode yourself, just as if you had programmed the radio as 
F\, 4 previously. 







Tank-Turn Steering without Elevon Mixing 


Perhaps you don’t have a built-in elevon program. Can you still implement tank-turn steering 
inside of the radio? Yes. You can use manual programmable mixing as described later in this 
chapter. 


Programming 





Programmable Mixing Examples 


In the following examples, individual programmable mixing positions are used to approximate 
the type of mixing performed by the elevon program. 


Example: Manual Tank-Turn Mixing 


If you don’t care about running upside-down (if you have self-righting capability, for example), 
then manual mixing is pretty straightforward and requires only two programmable mixing 
positions. If you were to copy the elevon mixing exactly, you would need four channels total, 
but in this situation you only need two, because each channel has an implied mixing from its 
own control stick to the corresponding output (aileron to aileron and elevon to elevon). The 
only catch is that you have to swap speed-control leads between aileron and elevator receiver 
outputs. (The right-side speed control should be plugged into channel 1 and the left-side speed 
control should be plugged into channel 2.) 


Following are the steps required to create manual tank-turn mixing for the Futaba 9C series 
transmitters. Other models may have slightly different controls. 

1. Turn on the transmitter. | | ) 

2. Press and hold the MODE/PAGE button to activate programming mode. 


3. Press the MODE/PAGE button again briefly to bring up the next page of options. Use 
the dial to highlight PROG.MIX1, and press it to select this mode. 


4. Use the cursor keys to move down to the MIX line. Turn the dial to the left to activate 
this mix mode. It should switch from INH to ON or OFF: 


5. Use the cursor keys to move down to the MAS line. This is the master channel select. 


Turn the dial until it says AILE. 


6. Use the cursor keys to move down to the SLV line. This is the slave channel select. Turn 
the dial until it says ELEV. 


7. Use the cursor keys to move down to the SW line. Turn the dial until it reads D, 
although it doesn’t really matter because the next step will force mixing ON all the time. 


8. Use the cursor keys to move down to the POSI line. Turn the dial until it says NULL, 
which will force the mixing to be active all the time. 


9, Use the cursor keys to move back to the RATE line. Turn the dial until the number 
under the right arrow is -100%. Move the right control stick slightly to the left, and turn 
the dial until the number under the left arrow is also -100%. 


10. Press END to accept the changes and return to the previous menu. 
11. Use the dial to highlight PROG.MIX2, and press it to select this mode. 


12. Repeat Steps 4 to 10 with MAS = ELEV, SLV = AILE, and RATE = +100% in both 
directions. Make sure that POSI = NULL, so that the mixing will be active all the time. 


13. Press END again to deactivate programming mode. 


14, Make sure that the right-side speed control is plugged into channel 1 (aileron) an the 
left-side speed control is plugged into channel 2 (elevator) on the receiver. 





Example: Manual Tank-Turn Mixing (Invertible) 


If you have the ability to run upside down and want a switch to swap the left/right steering so 
that it’s correct when youre inverted, then you'll need six channels total to perform this task 
without elevon. Two are used to set up the constant elevator (forward/back) mixing while the 
other four are used to invert the aileron (left/right) mixing. You will also be plugging the speed 
controls into different channels. This is required because you have to intercept the implied mix- 
ing mentioned earlier. In this example, the left-side speed control is plugged into channel 6 
(flap), and the right-side speed control is plugged into channel 7 (aux1). Flipping switch D to 
the UP position will engage inverted mode, although you can choose any switch and activation 
position as long as you remain consistent in all of the mix programs. 


The steps required to create invertible tank-turn mixing for the Futaba 9C series transmitters 
are listed next. Other models may have slightly different controls. 

1. Turn on the transmitter. 

2. Press and hold the MODE/PAGE button to activate programming mode. 


3. Press the MODE/PAGE button again briefly to bring up the next page of options. Use 
the dial to highlight PROG.MIX1, and press it to select this mode. 


4, Use the cursor keys to move down to the MIX line. Turn the dial to the left to activate 
this mix mode. It should switch from INH to ON or OFF. 


5. Use the cursor keys to move down to the MAS line. This is the master channel select. 
Turn the dial until it says ELEV. 


6. Use the cursor keys to move down to the SLV line. This is the slave channel select. Turn 
the dial until it says FLAP. 


7. Use the cursor keys to move down to the SW line. Turn the dial until it reads D, 
although it doesn’t really matter because the next step will force mixing ON all the time. 


8. Use the cursor keys to move down to the POSI line. Turn the dial until it says NULL, 
which will force the mixing to be active all the time. 


9. Use the cursor keys to move back to the RATE line. Turn the dial until the number 
under the right arrow is +100%. Move the right control stick slightly to the left, and turn 
the dial until the number under the left arrow is also +100%. 


10. Press END to accept the changes and return to the previous menu. 
11. Use the dial to highlight PROG.MIX2, and press it to select this mode. 


12. Repeat Steps 4 to 10 with MAS = ELEV, SLV = AUX1, and RATE = +100% in both 
directions. You should also set SW = D and POSI = NULL. 


13. Use the dial to highlight PROG.MIX3, and press it to select this mode. 


14. Repeat Steps 4 to 10 with MAS = AILE, SLV = FLAP, and RATE = -100% in both 
directions. You should also set SW = D and POSI = UP. 








15. 
16. 


17. 
18. 
19. 
20. 


21. 
22. 





Use the dial to highlight PROG.MIX4, and press it to select this mode. 


Repeat steps 4 to 10 with MAS = AILE, SLV = FLAP, and RATE = +100% in both 
directions. You should also set SW = D and POSI = DOWN. 


Use the dial to highlight PROG.MIXS, and press it to select this mode. 


Repeat Steps 4 to 10 with MAS = AILE, SLV = AUX1, and poe es +100% in both 
directions. You should also set SW = D and POSI = UP. 


Use the dial to highlight PROG.MIX6, and press it to select this mode. 


Repeat Steps 4 to 10 with MAS = AILE, SLV = AUX1, and RATE = -100% in both 
directions. You should also set SW = D and POSI = DOWN. 


Press END again to deactivate programming mode. 


Make sure that the left-side speed control is plugged into channel 6 (flap), and the right- 
side speed control is plugged into channel 7 (aux1). 


There is a crude and cheap way to implement inverted mixing. You can face the transmitter away 
from you with the antenna still pointing up. This will correctly invert the left/right steering. 
Unfortunately, you will have to reach around to the front to drive, and the control stick will be on 


»| the other side of the transmitter. You will lose valuable time while you turn the transmitter, and 


_ more importantly, you run the risk of dropping your transmitter on the floor. 


Double Inverted Driving 


Certain robots, such as double-ended wedges, require that both steering and forward/back con- 
trol be switched, because when they are inverted, not only will the steering be flipped, but they 
will also be attacking using the rear of the robot as described in Chapter 18, “Choose Your 
Weapon.” This is called double inverted driving. Unfortunately, this would require a total of 
eight programmable mixing positions in addition to elevon, which is one more mixing position 
than the 9C transmitter has available, ruling it out as a possibility. However, this type of mixis _ 
easily implemented by setting up a condition in a Futaba 9Z transmitter. A condition allows you 
to change mixing ratios as well as trims and AT'V settings, all controlled by a switch that you 
choose. This feature allows you to simply invert the mixing in the elevon screen for an inverted 
driving mode, instead of using double negative programmable mixing described previously. 
Unfortunately, this little-documented, but very penrentiis feature is only available on the 9Z 
transmitters and not sas 9C series. 


There is a crude and editeg way to double invert the mixing. You can simply turn the transmitter 
upside-down, so that the antenna is pointing down. This will correctly invert both the left/right 
and forward/back controls. Unfortunately, the control stick will be on the other side of the trans- 


=| mitter, and you lose valuable time while you turn the transmitter, not to mention the possibility 


~ of dropping your transmitter on the floor. 
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Debugging Tank-Turn Mixing 


In Chapter 13, I made it sound pretty easy to get everything all hooked up and running. The 
reality is that sometimes, things get a little confusing, and the robot doesn't behave as you 
expect it: No problem. The following list will help you figure out what’s wrong and fix it. 


m The left-side motor polarity should be set up so that a positive voltage will cause the 
robot to move forward. 


m The right-side motor polarity should be set up so that a positive voltage will cause the 
robot to move forward. (This should be the opposite polarity of the left-side motor.) 


m All channels should be set to normal direction in the transmitter. You can use the servo 
reverse function to verify this. 


m If using elevon mixing, make sure that the left-side speed control is connected to channel 
1 (aileron) on the receiver, and the right side is connected to channel 2 (elevator). You - 
should also verify that the mixing is active and all mix values and polarities are correctly 
set up as described earlier in the chapter. - 


m If you'r using individual programmable mixing (noninvertible), then make sure that the _ 
left-side speed control is connected to channel 2 (elevator) on the receiver, and the right 
side is connected to channel 1 (aileron). You should also verify that the mixing is active 

and all mix values and polarities are correctly set up as described earlier in the chapter. 


m If you're using individual programmable mixing (invertible), then make sure that the 
left-side speed control is connected to channel 6 (flap) on the receiver, and the right side 
is connected to channel 7 (aux1). You should also verify that the mixing is active and all 
mix values and polarities are correctly set up as described earlier in the chapter. 


a If you re using an external mixer, make sure that all programmable mixing and built-in 
mix modes (like elevon) are inhibited. Connect the mixer as specified by the manufacturer. 


If moving the stick forward causes the cektet to turn, eho probably one of the motors has its 
leads reversed. You should make sure that the polarities are as described in the previous list. If 
the polarities are okay, then one of the channels is reversed. If reversing one of the channels 
causes all of the functions to work in an inverted fashion (forward is back and left is right), 
then change the channel that you modified back to normal and reverse the other channel. 


If forward and back are working as expected, but the robot turns opposite of what you expect 
(left is right and right is left), then the left and right channels are switched at the receiver out- 
puts. Swap the two PWM connectors at the receiver, and the robot should turn as expected. 


IFl System 
Programming and 
Troubleshooting 


riginally, I was intimidated by the sheer volume of code in the IFI 

Isaac system default program. I had heard a lot of good things 

about the IFI system, and the prospect of avoiding radio impound 
was highly attractive. But would I be able to learn all those commands in 
time for competition? Well, it turned out that you don’t have to learn all 
that code. As I mentioned in Chapter 13, “Choosing Your Control System,” 
the IFI system comes preprogrammed and ready to go with the most popu- 
lar features already implemented. However, if you need to add some custom 
code to your IFI system, this appendix will give you the ins and outs of the 
default program. Once you learn a few simple things, then programming 
becomes a snap. 


System Review 


The IF Trobotics system consists of an operator interface (OI), which is what 
you plug joysticks into for controlling the robot, and a robot controller 
(RC), which rides inside the robot and receives, interprets, and implements — 
your commands. The OI and RC transmit information back and forth wire- 
lessly using radio modems. 


How the robot responds to various commands is determined by a program 
that you load into the RC. IFlIrobotics provides you with a default program, 
which is the basic framework that you can customize to create your own 
programs. The whole setup is extremely flexible because you can quickly 
and easily change the program and try it out. You can keep modifying the 
code until it works for your needs. 
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Inputs and Outputs 


The discussion begins with a review of the system’s inputs and outputs because the data that 
they provide is what you will be manipulating in your own programs. Both the OI] and the RC 
have analog and digital inputs. How they’re used by the overall system varies a bit, as described 
in the following sections. The outputs on the RC are for driving relays and PWM-compatible 
devices, while the outputs on the OI are informational only. 


Analog versus Digital Inputs on the Ol 


Both the analog and digital inputs on the OJ are accessed through the four joystick input ports. 
They are the primary interface for controlling the robot. Each of the four input ports has four 
analog inputs (two of which correspond to the X-axis and Y-axis of the joystick), and four digi- 
tal inputs (two of which correspond to the thumb and trigger switches). What you get out of 
each analog input is an 8-bit byte of digitized information that ranges from 0 to 254, depend- 
ing on the position of the joystick. Each digital input gives you a single-bit ON or OFF signal 
(0 or 1). 


In programming jargon, a bit is a single character memory location, while a byte consists of many 
| bits. Depending on the processor, the number of bits in a full byte differs. For the Basic Ilsx chip 
| that powers the IFI system, 8 bits constitutes a full data byte. 








You don't necessarily have to plug joysticks into the input ports. You can make your own custom 
| input box, using switches and potentiometers that you choose. The potentiometers (variable 
~ {| resistors) are what are connected to each axis of the joystick. You must use 100k-ohm pots, and 
| wire them correctly, as described in the Operator Interface Reference Guide, provided on the 
_ IFlrobotics Web site. 


Analog versus Digital Inputs on the RC 


The RC also has both analog and digital input ports. They are for gathering onboard informa- 
tion about the robot and its immediate surroundings. The typical use for a digital input on the 
robot would be a limit switch that tells the robot that an arm or actuator has reached the end of 
travel, and it should stop (limit) or else damage may occur. An analog input might be used to 
-read a potentiometer (variable resistor) that tells the robot the exact position (rotation) of an 
arm, or a sensor that provides a voltage level based on the pressure in an air tank. The Isaac 16 
system provides access to 8 digital and 4 analog inputs, while the Isaac 32 system has 16 digital 
and 8 analog inputs. Just as with the input data on the OI, you get an 8-bit byte for analog 
inputs while the digital inputs are a single bit (0 or 1). It should be noted that the digital inputs 
on the RC have active low logic, which means that the switch input line needs to be grounded 
(zero volts) to be activated, which registers a logic 1 for that switch input. For more informa- 
tion, you can refer to the Full-Size Robot Controller Reference Guide and the Robot Control 
System/Mint RC Users Manual. 





the analog inputs are referred to as sensors. 


Ns Outputs on the RC 


The PWM outputs on the RC are for interfacing with devices such as servos and speed con- 
trols that use the proportional radio- control PWM standard (see the sidebar). There are 8 __ 
PWM outputs on the Isaac 16 system and 16 PWM outputs on the Isaac 32 system. Although 
the PWM outputs default to reading analog inputs on the OI (joystick X- and Y-axes), you can 
perform whatever math or processing you need on your input data and send that out to any 
PWM output. As you'll see later in this appendix, that’s exactly how the preprogrammed mix- 
ing is implemented. 


While the PWM outputs are used for proportional control, the relay outputs are used tbr turn- 
ing things on and off. Each relay output has a variable name that can be set to 1 or 0 to turn it 
on or off. The relay outputs normally read digital inputs on the OJ (switches on the joystick), 
but you can choose whatever data conditions you want to trigger them. For example, you could 
also read the value of an analog input for an automatic gear change at higher speeds, or a 
switch input on the RC to automatically fire a weapon when an opponent hits a bump switch 
on the robot. You can also set up an internal timing loop (discussed later in this appendix) to 
set up delays for time sequence events, such as firing pneumatic valves. 


The relay outputs are designed to be used with IFI Spike Relay Modules for bidirectional relay 
control. This arrangement gives you three possible output states for the relay: positive polarity — 
voltage, negative polarity voltage, and no connect (no voltage). There are 4 relay outputs on the 
Isaac 16 system and 8 relay outputs on the Isaac 32 system. If you don’t require bidirectional — 
(reversing) control, you can connect double the number of single-ended solid-state relays (also 

_ sold by IF Irobotics) to the same outputs. | 
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Outputs on the O1 


As mentioned earlier, the outputs on the OJ are for informational purposes only. They provide 
useful visual feedback about the current status of PWM outputs 1 and 2, as well as relays 1 and 
2. The most important thing to realize here is that if the PWM and relay lights are changing 
along with your control actions, then the RC and OI are communicating back and forth, 
because the LEDs on the OI are actually controlled by commands from the RC. During actual 
combat situations, the LEDs on the OJ are of limited use. If you're focusing on the robot, then 
you don't really have time to look down and check the LEDs. 


The dashboard port of the Ol can provide you with a direct feed of the data stream that the 
radio modem receives from the RC. Although software is available to read that information, all 
7 you really get is a graphical display of the same status LEDs that are already on the Ol. 
4 Specifications are available to decode the full data stream in more detail, but you're pretty much 
on your own, because IFI doesn't have the resources to fully support this feature. 






Programming 


“What does all this code mean? At first glance, the default code may seem horribly complicated 
and pretty daunting, but really, it’s pretty easy. The thing to keep in mind is that there are only 
a few lines you need to change to do your operations. Everything else remains the same. In this 
section, I'll give you the hit-and-run, guerilla programmer's version of what you need to know 
to get in, insert your code, and get out. To follow this section in any coherent manner, you're 
going to need to have a copy of the default code in front of you, whieh can easily be down- 
loaded from the IFI Web site for free. : 








IFl has created an excellent Programming Reference Guide that is also available from its Web site 
1 for free. In addition, PBasic (the programming language used in the IFI system) is wildly popular 
X41 among electronics hobbyists, and there are several excellent books on this subject. Programming 

\.| and Customizing the Basic Stamp Computer by Scott Edwards (McGraw-Hill, 1998) and the 
Basic Stamp Programming Manual, published by Parallax (I have version 1.9) are the two best 
books that | can recommend. They are both easy to read and follow. If you have any questions 
about the command set or syntax, these books can provide quick answers. Also check Appendix 
D, “Online Resources,” for a listing of Web sites that offer free downloadable support materials 


and tutorials for PBasic. 


Program Flow 


First of all, how does the program work? Well, there’s a lot of setup stuff and subroutines 
defined in the beginning. The actual program is at the very end. It’s very short and runs in a 
continuous /oop, which starts by taking a snapshot of all the inputs, including the remote input 
from the OI and the onboard switches and sensors. Next, it processes the information, and per- 
forms any custom code that you've added. Finally, it sends the results to the appropriate out- 
puts. As long as stable power is applied to the unit, it will continue running the loop. 
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Parts of the Default Program 


Next is a section-by-section description of the default program, with an emphasis on what's 
important to you. The names of each of the numbered sections that follow are the same as 
those used in the default program, so you can follow along sequentially. To help illustrate issues 
that might come up when trying to implement your own operations, I'll use the single-stick 
tank-turn mixing code. Although it’s built into the default program, it behaves very much like a 
piece of code that you might write for yourself. 





By placing an apostrophe in front of any statement in the program, that statement effectively 
«=, 1 becomes a comment, and is ignored by the compiler. You only need one apostrophe — you 
don't have to enclose the text. If the apostrophe appears in the middle of a line, the text before 
-4 it is interpreted as valid code, while the text after it becomes the comment. It's useful for tem-  - 
porarily removing statements without deleting them, and for leaving yourself bits of information. 
You'll see its usage throughout the default program to help explain various statements. 





Section 1: Declare Variables 


The program begins by creating variables (storage locations in memory) for the analog joystick 
and sensor inputs. These are the locations where the snapshot values will be stored. When 
manipulating them in your own custom programs, you will use the names declared in this sec- 
tion. Each of these locations is a full 8-bit byte. Also, if you want to perform any math of your 
own, you'll need to create your own variables as storage containers for the results. 


You should take note of the naming conventions for the analog joystick ; inputs. The first part is 
the input port, while the second part is the axis. For example, p1_x is the X-axis of a 1 aa 
connected to input port 1. 


In the single-stick tank-turn programming example, they've created two memory locations 
called PWM1 and PWM2: | 


PWM1 VAR byte 
PWM2 VAR byte 


Section 2: Define Aliases 


All of the full 8-bit variables were declared in the previous section. However, many of the vari- 
ables that you will be dealing with (like relay outputs or switch inputs) are only a single bit. 
This section further subdivides the previously specified bytes into bits with various names so 
that you can keep track of them separately. 


Take note of the naming format. It will help you decode things later. For example, | 
p1_sw_trig is the trigger button on the joystick plugged into port 1, and rc_sw1 is digital 
switch input 1 on the robot controller. 


There are no changes to this section for the single-stick mixing program because we're not 
renaming anything. © 
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Section 3: Define Constants for Initialization 


This section allows you to select which pieces of data you want to read in the initial snapshot. 
It takes precious processing power and time to read all the variables that are available to the 
processor. It’s best to conserve your resources by only enabling the data that you need. Variables 
that have a 1 next to them will be read, while those with a 0 will be ignored. The total number 
of variables that you can read in is limited to 26. 


Note that in the default code, the processor reads the X-axis and Y-axis of each joystick input 
port, as well as the wheel, but not the aux input or the RC sensors. If you want to read a sensor, 
for example, then you have to change the value next to that sensor name to 1 to enable it. 


Modifying this section can be tricky because you've also got to change the serin command in 
the main Joop section later in the program to exactly match what you have in this section. If 
you're not careful, you may end up with a nonresponsive output or the wrong data because this 
section was incorrectly configured or you didn't enable the right input stream. 


There are no changes in this section for the single-stick mixing program because it uses the 
joystick inputs that are already enabled in the default program. 


Section 4: Define Constants (Do Not Change) 


The constants defined in this section are used for system configuration. Nothing should be 
changed here for any custom program. 


Section 5: Main Program 

This section defines inputs and outputs for the processor and sets initial values for analog 
inputs. If a joystick is mistakenly unplugged, or otherwise absent, the program will default to a 
neutral (safe) value of 127, or whatever has been specified in this section. When adding yous 

‘ own sensors, you should define an initial condition that’s safe. 


, There are no changes in this section for the single-stick mixing program because it uses the 
joystick inputs that already have safe initial values in the default program. 


Section 6: PBasic — Master uP Initialization Routine 


This section is used to send configuration commands to the master microprocessor. Do not 
change anything i in this section, or move it around. 


section 7: Main Loop 

The most important thing here is the serin command. As mentioned above in the define con- 
stants for initialization section, you have to alter this command so that it matches any changes 
you've made in that section. There is a specific order for variables, and you either add or remove 
variables from the statement without changing the basic order. 


Also, don’t remove the toggle 7 statement. This blinks the Basic Run LED on the RC, 
which will help you troubleshoot looping and program branching problems later. 


There are no changes in this section for the single-stick mixing program because it uses the 
joystick inputs that are already enabled in the default program. 





roubleshooting 


Section 8: Perform Operations 


This is the section where you'll add your own custom code to perform whatever operations you 
need. There are also a lot of other things to see and do here, including specifying triggers for 
relays, PWM limit switches, and LED outputs. 


Using Relays 

The relays in the IFI system are bidirectional, which means that when a relay output is con- 
nected to an IFI Spike Relay Module, you can reverse the polarity. However, you don’t always 
need bidirectional relays. For example, when using a relay to activate a pneumatic solenoid 
valve, polarity doesn’t matter — only whether there is voltage or not. In this case, you have two 
choices. You can either connect a bidirectional relay module or a solid-state relay. Both devices 
would use only the forward and off conditions, ignoring the reverse condition. In fact, you can 
connect two solid-state relays to each relay output on the RC for independent control of each, 
using the forward condition to activate one and the reverse condition to activate the other. This 
doubles the number of available relay outputs. 


If you want to activate a relay in a program, all you have to do is set its variable name to 1. This 
will turn the relay on until you actively turn it off. Conversely, to turn a relay off, set its value to 
0. ‘The example below will turn relay 1 on in the forward direction. 


relayl_fwd = 1 


If you want to use a switch to control a relay, then you set its name equal to the relay, as shown 
next. This is actually the normal case in the default program, where the relays are controlled by 
the joystick buttons. If you recall the naming conventions for relay outputs and OI switch 
inputs, you should be able to decode what's going to where. For example, the following state- 
ment will turn relay 1 on in the forward direction when the trigger switch of the joystick con- 
nected to input port 1 is activated, and while the limit switch connected to RC digital i ne 1 
is not activated. 


relayl_fwd = pl_sw_trig &~ rc_swl 


The &~ symbol used here is a /ogical AND NOT operation that will only produce a logic 1 
when the condition before it is logic 1 and the condition after it is logic 0. In the case of the 
RC switch input described previously, if you don’t have a switch connected, then the latter con- 
dition will a/ways be logic 0 and the relay will be controlled solely by the joystick trigger. If a 
limit switch is connected and activated, then it will produce a logic 1 condition, which will pre- 
vent the relay from firing. Note that if you're programming your own relay control, you don't 
need the limit switch part of the above statement. It’s just a part of the default program. 


Bump Switch Example - 

If you were going to add the bump switch mentioned earlier in the appendix, this would be the 
section where you insert your code. The idea is that you have some momentary switch on the 
robot’s body that causes the weapon to fire when the opponent touches it. Ideally, the switch 
would be placed so that your weapon is perfectly aimed when it fires. Because this would be a 
dangerous thing to have active all the time, this example will include a manual enable for the 
bump switch, so that it will only be active when the joystick trigger button i is held down. You 
can feel free to substitute whatever switch, port, or relay you want. 


‘relay3_fwd = p3_sw_trig 
relay3_fwd = p3_sw_trig & rce_swl 
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The first statement comments out the default control for relay 3, so that it’s ignored by the 
compiler, but you've still got it there if you want to go back. You connect a joystick to port 3 
and wire the momentary (normally-open) bump switch to digital input 1 on the RC. The sec- 
ond statement fires relay 3 only when the trigger button is held down (manual enable) and the 
bump switch is activated. The & symbol used here is a /ogical AND operation that will on/y pro- 
duce a result of logic 1 when doth of the conditions are also logic 1. Note that if you just wanted 
to use the trigger button to fire the relay (no bump switch), you could have used the original 
statement. | 


Feedback LEDs 

The feedback LED outputs on the OI are defined here. As mentioned before, they're useful for 
diagnostic purposes, but not much else. These statements are disabled in the single-stick mix- 
ing program because they rely on the raw joystick inputs, and not the mixed output. This 
would be confusing to attempt to use in a mixed situation, because the LEDs would not corre- 
spond to the actual PWM outputs and speed controls. You'll see that later in the program, after 
the mixing math has been completed, these LEDs are added back in as a diagnostic tool. 


PWM Outputs and Limit Switches 


As mentioned earlier in this appendix, a mit switch is used to tell the speed control to stop 
running a motor, or else damage may occur. The default program only includes code for limit- 
ing on a few of the inputs, but you can assign whatever switch and input combinations that you 
want, as long as you make sure to comment out other references to those switches and inputs 
that might interfere with your limiting operation. 


Linear Actuator Example 

The default program gives us an opportunity to explore an example of using a limit switch. In 
the following code, you see that RC limit switches 5 and 6 are being used with the Y-axis of a 
joystick connected to input port 3. 


if rc_sw5 = 0 then nextl: 
p3_y = p3_y MAX 127 

next1: 

if rc_sw6 = 0 then next2: 
p3_y = p3_y MIN 127 

next2: 


Later on in the default program, you will see that the p3_y input is connected to the PWM3 
output. If you connect a speed control to PWM3, then you can use this preprogrammed code 
to control a linear actuator, as well as stop it when it reaches a limit switch. Wire each switch 
input to the normally-open terminals of a momentary limit switch, and youre ready to go. Just 
be sure that you've got the correct switch on the corresponding side, or the actuator won't stop 
when it hits the switch. 


How does it work? First, we assume that the speed control is wired with positive polarity so 
that a value of 254 will produce full-forward motion, while a value of 0 will produce full 
reverse, and a value of 127 will be a full stop (as described in the sidebar on PWM outputs). If 
you set a max limit of 127, then it will allow any value up to, but not exceeding 127 (full stop). 
This means that any reverse value will be accepted. Thus, the statement p3_y = p3_y MAX 
127 corresponds to a limit switch for the maximum forward travel. It will not allow further 
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forward travel, but allows the actuator to back away from the limit. The p3_y = p3_y MIN 


127 statement works in a similar manner, but limits reverse travel, while accepting any forward 
value. 


Single-Stick Mixing Code 
Finally, at the end of this section, we get to the actual two statements that perform the mixing 
math, as shown next: 


(((2000 + pl_y - pl_x + 127) Min 2000 Max 2254) -2000) 
(((2000 + pl_y + pl_x - 127) Min 2000 Max 2254) -2000) 


PWM1 
PWM2 


The extra 2000 term is to keep all the values in the calculation positive, and guarantee that the 
result will be between 0 and 254. 


Now that all the necessary math has been performed and you have the correct mixed signals, 
the output LEDs (Out 8 to Out 11) on the OI are reenabled, so that they will reflect the actual 
PWM signals going to the speed controls as a diagnostic aid. 


Check to make sure that you're the only one changing your variables, It's entirely possible for 


| you to change a value, and then have some other part of the program change it later on to 


something else, which might make it appear that your software isn't doing anything, though it’s 


| actually performing correctly. 


Section 9: Output Data 


As mentioned before in this appendix under the heading Program Flow, the basic flow of chs 
program is that the processor reads the inputs, does the math, and then sends the results to the 
outputs. This section determines exactly what data bytes are sent to the PWM outputs. Like 
the serin command, the serout command in this section has a specific format and order. 
However, instead of adding or removing what you want, you will be plugging names into the 
spaces, or setting them to the neutral value of 127. This is another tricky statement that can 
cause unpredictable results if you make a mistake. Do not remove any of the terms in the 
serout command. Just rename them or set them to a value. 


Specifically, each space in the serout statement corresponds to a PWM or relay output. For 
example, the seventh value in the serout command corresponds to the PWMS3 output. In this 
space in the default code, we have p3_y, which is the variable that contains the analog input 
value of the Y-axis of the joystick connected to input port 3. You can substitute one of your 
own variable names for the name that is currently in any of these spaces, and the processor will 
write your data to the corresponding output. Just make sure not to move or replace the relay 
outputs. They are a different situation from the PWM outputs and were defined earlier in the 
perform operations section. Note that in the default program, outputs PWM9 to PWM16 are 
set to the neutral value of 127. Although it’s not necessary, you can use this technique to dis- 
able any outputs youre not using if you want. 


In the single-stick tank-turn programming example, the third and fifth spaces are filled with 
PWM1 and PWM2, which are the user variables that contain the result of the mixing program 
math. (If you were not mixing, these spaces would normally contain p1_y and p2_y, which 
contain the raw joystick input values.) You could have called those variables anything you 
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wanted, as long as you used the same name throughout the program. For example, PWM1 and 
PWM2 could have been called LEFT and RIGHT. If they were changed in every location in the 
program, then processor would execute it exactly the same way as before. 


Make sure not to delete the Goto MainLoop: and Stop statements at the end of the pro- 
gram, or you will cause a basic run error. These statements are needed to return the program to 
the start of the loop for the next run. 


Program Examples 


The following examples will help illustrate an event triggered by a position of the joystick, 
and a fully timed sequence, which may be of use to you in implementing your weapon or drive 
systems. 


Example: Active Relay Triggering 
As mentioned in Chapter 12, “Let’s Get Rolling!,” one of the drawbacks of a four-wheeled 


slip-steer drive system is the amount of friction that you experience when you turn, because all 
the wheels have to simultaneously slip sideways. In this example, from one of my students’ 
FIRST robots, we used a pneumatic cylinder to pop a swivel caster down on/y when we turned, 
which lifted the two back wheels off the ground, and reduced turning friction dramatically. At 
all other times, the caster wheel was up and out of the way, and we enjoyed the benefits of 
added traction and straight tracking that are inherent to the four-wheeled system. This con- 
served battery power and prevented our circuit breakers from popping. The bit of code that 
controlled the caster is listed next: 


ei p2_x > 137 then caster: 
if p2_x < 117 then caster: 


relay3_fwd = 0 ‘caster UP 
goto exit_caster: 

caster: 
relay3_fwd = 1 ‘caster DOWN 


exit caster: 


Here’s how the code works. The first two statements look at the X-axis (the steering axis) of 
the joystick connected to port 2, and check to see if it is either greater than 137 or less than 
117. If either of these conditions is met, that indicates a turn is taking place, and the pneumatic 
solenoid connected to relay 3 will extend the cylinder, which pushes the caster down and into 
contact with the ground. If the X-axis is between 117 and 137 (with dead center being 127), 
then the robot is pretty much going straight, and the solenoid will keep the pneumatic cylinder 
retracted, lifting the caster out of the way. 


Example: Adding a Timed Sequence 


When triggering some weapons, you need a series of events to happen i in a specific order with 
accurate timing (pneumatic weapons with a sequence of valves opening and closing, for exam- 
ple). Since you sometimes need timing in seconds between each step, using a conventional _ 
delay or wait statement could cause the program to go into a holding pattern for a lengthy 
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amount of time (a second is a long time to your processor). While the processor is waiting, you 
may miss important incoming data from the OI. Since the same program is responsible for 
processing commands to control your drive system, the delay could result in an extremely slug- 
gish or nonresponsive drive system, which should be avoided at all costs. The correct solution is 
to define a /oop counter and a step counter. The loop counter keeps track of how long (specifi- 
cally, how many loops) you've been in a particular step, while the step counter keeps track of 
what step you're on. Each timed event should be considered a new step. 


Why is this different and much better than a conventional delay? Because the loop and step 
counters hold on to the current status of the sequence without delaying the rest of the loop. Your 
drive and other parts of the program will go on processing as normal, while the timed sequence 
can go on for as long as you want. Check out the sample code that follows (which is based 
loosely on some great code published by FIRST Team #45, the TechnoKats) for an example 


of implementing a timed sequence with loop and step counters to fire a sequence of valves. 


‘Declare Variables 
stepnum VAR byte 
counter VAR byte 


‘Main Program 
stepnum = 0 
counter = Q 


‘Perform Operations 


If pl_sw_trig = 0 then SkipIt: ‘Keep stepnum = 0 until 
. ‘the trigger is pulled. 

stepnum = i ‘Set stepnum = 1 to start 
‘the firing sequence. 

SkipIt: 

If stepnum = 0 then EndFire: ‘If we haven’t triggered, 
‘then skip over the 
‘entire sequence. 

counter = counter +t1 ‘Increment the counter 


‘on every loop. 
If stepnum = 1 then Stepl: 
If stepnum = 2 then Step2: 
If stepnum = 3 then Step3: 
If stepnum = 4 then Step4: 


Stepl: 

If counter = 15 Then EndStep: 

relayl_fwd = 1 ‘Activate valve 1 
Goto EndFire: ‘and wait 15 cycles. 
Step2: 

If counter = 100 Then EndStep: F , 
relayl_fwd = 0 ‘Deactivate valve 1. 
relay2_fwd = 1 ‘Activate valve 2 


Goto EndFire: ‘and wait 100 cycles. 





Step3: 
If counter 


55 Then EndStep: 


relay2_fwd = 0 ‘Deactivate valve 2. 
relay3_fwd = 1 ‘Activate valve 3 

Goto EndFire: ‘and wait 55 cycles. 

Step4: 

relay3_fwd = 0 ‘Deactivate valve 3 

Goto NewFire: ‘and reset the sequence. 
EndStep: | ‘When you complete a step, 
stepnum = stepnum + 1 ‘go to the next step number 
counter = 0 ‘and reset the loop counter. 


Goto EndFire: 


NewFire: ‘Resets the program for the next 
stepnum = 0 ‘firing sequence 

counter = Q 

EndFire: — ‘Pauses the firing sequence for 


‘now where it is and lets you 
‘continue with the rest of the - 
‘program until the next loop. 


The trick with this code is getting the sequence to start with a momentary trigger, and ignor- 
ing any other weapon triggers until all of the steps are finished. You'll probably be firing the 
weapon (triggering the sequence) manually from a joystick button, and in the heat of battle, 
you may generate (accidental) multiple triggers. If the program doesn’t ignore these, you might 
end up stopping the sequence in the middle and restarting, which could be dangerous, espe- 

' cially with weapons that have critical valve timing. That’s handled by the first few statements 
and the SkipIt loop. Note how even when triggered, each run through the loop will only exe- 
cute a few commands, as opposed to using a wait statement that would bring the whole pro- 
gram to a grinding halt. You'll have to experiment to see how many loops it will take to get the 
timing you need for each of your steps. 


Thanks to good program structure, you can add as many steps as you want, as long as you move 
the Goto NewFire: statement to the last step. Also, you don’t have to turn off each valve in 
the step that immediately follows its activation. That’s just how I set up this example. You can 
keep them on as long as you want. 


Helpful Tools 


Next, I'll discuss the various diagnostic and debugging tools, including the download program, 
the debug command, and the tether, which will help you make sure that your program is 
working the way that you want it to. 
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The Download Program 


This is the program that you run on the PC to edit and compile your program for loading into 
the RC. The download program can help you catch errors in your custom programs. It also 
provides the interface for the debug command described next. You must make sure to have the 
most recent version of the download program from the IFTrobotics Web site. 


Using the Debug Command 


A really handy feature of PBasic is that you can use the debug command, which allows you to 
interactively view any variable or group of variables in real time. It uses your PC screen to dis- 
play the results of the debug process. You must be connected from the program port on the RC 
to your PC’s serial port using a standard DB9 cable, and running the download program. 


Debug Command Syntax 

Any bit or byte can be monitored using the debug command. Since it is updated with every 
loop, the value changes in real time. Following are a few examples of typical i rates aac 
of this command in a program: 


DEBUG dec ply 


The previous command will display the value of pty (which is the Y-axis of the joystick con- 
nected to input port 1) as a decimal number. For example, if the value of p1_y were 175, then 
the screen would display 175. 


DEBUG dec ? pl_y 


The previous command will display the value of p1_y (which is the Y-axis of the joystick con- 
nected to input port 1) as a decimal value along with a label that corresponds to the name. In 
this case, ifthe value of p1_y was 175, then the screen would aia pl ¢ 2 TFS. 


DEBUG bin rc_sw2 


This command will display the — value of rc_sw2 (which is digital switch input 2 on the 
RC). For example, if rc_sw2 were ON, then the computer screen would display 1. You can 
also use the ? option to get the command to display the variable label as described previously. 


You can use multiple debug statements in a program. The only thing to keep in mind is that 
the extra overhead required to manage all of this information causes the program to execute 
more slowly. In most cases, it won't make much of a difference, but in programs that have to 
execute a long series of commands in a timed sequence, you may notice some slowing down. 


Using the Tether 


The tether is a standard DB9 cable that directly connects the OI and RC without transmitting 
any radio signals. It also provides power for the OI from the robot's battery. This is useful for 
checking things in the pits without transmitting any radio signals that might cause interference. 





With everything off, you should connect the DB9 cable between the tether port on the OI and 
the tether port on the RC. Since power is provided to the RC through the tether, you only 
need to turn on the robot. It will work exactly the same as normal, but you won't be able to 
drive too far away because of the tether’s physical connection. Make sure to observe all the 
safety precautions for testing, as described in Chapter 17, “The First Test Drive.” 


If it doesn’t connect, make sure that you're connected to the tether ports on both the OI and 
RC. The program port takes the same size connector, and is often confused with the tether port. 


After you're done checking things out, make sure to power the robot down. Using the tether 
locks the radio modem to channel 40, the default channel, where it will stay until you power 
down or reset. If your radio modem is locked to channel 40, you won't be able to lock to any of 
the competition frequencies used in the arena before your match, and your robot will rudely 
ignore you until you cycle power or hit the reset button on the robot controller. 


Common Failure Points 


The IFI system is pretty bulletproof, with built-in protection fuses and current limiting, so it’s 
highly unlikely that you'll have a failure due to the equipment itself. However, problems caused 
by inadequate power, programming errors, or bad connecting cables are quite common. 


Bad Power 


On an Isaac 16 system, although the low battery light will blink when the voltage drops below 
8 volts, the radio modem will work until it drops to 6.4 volts. With the Isaac 32 system, the 
low battery light will begin to blink at 9.5 volts, and the radio modem will stop transmitting 
at 8 volts. 


Low voltage is only one of the problems you can experience with power, though. One of the 
more common problems is sharing the power for the RC with the drive system. Because of the 
fluctuating demands of the drive, and the possibility of a stall (high current) situation, the 
power provided to the RC can momentarily dip below the minimum voltage required. Also, 
intermittent failure can happen due to high shock loads. As mentioned in Chapter 13, you’ve 
got to be sure that your secondary power switch is up to the task of handling high shock loads. 


Basic Run LED 


If the Basic Run LED goes out during operation, the cause can usually be traced to a software 
bug. Make sure that all of your custom programming has correctly terminated loops and that 
you have not removed any necessary statements. It’s also possible that if you removed the 
toggle 7 statement from the program, that the Basic Run LED will never turn on. You 
should keep this statement to help you diagnose software problems. 


Another source of errors is deleting the Goto MainLoop: statement at the end of the pro- 
gram. Without this statement, the program won't be able to loop back to the beginning to start 
a new cycle. 
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Although the program runs in a loop as mentioned previously, you still need the Stop state- 


ment at the end of the program. Otherwise, you'll get an execution error, and the Basic Run 
LED will go out. 


DB9 Cables 


The cables are the most susceptible part of the system. Intermittent operation and bad recep- 
tion can often be traced to a faulty DB9 cable. Both the Isaac 16 and 32 systems have a DB9 
cable that connects the radio modem to the OI, while only the Isaac 32 has a full-size RC that 
has a corresponding DB9 cable and radio modem. The integrated motherboard, RC, and radio 
modem on the Isaac 16 has no DB9 cable. 


Processing Time 


Some programs end up taking so long to process their loops that the RC misses the next 
packet of information. This may cause you to experience sluggish response from the robot, and 
even missed events. This should only be the case if you've modified the default program with 
your own loops or branching statements. You may also make use of the DELTA_T command to 
monitor how long your commands are taking to execute. See the IFI Programming Reference 
Guide for details on implementing the DELTA_T command in your program. 


Troubleshooting Sequence 


The following numbered lists will take you through typical troubleshooting sequences for both 
constant and intermittent failures. Think of the following list of steps as a checklist to perform 
in sequence. If everything on the list has been verified, and the robot’s still not working, then 
the last step is to contact IFIrobotics. 


Constant Failure/No Response 


If the robot just sits there with no discernible drive response, then begin with the following 
“Establishing Communication” list. If your robot is already working, but only on an intermit- 
tent basis, then skip to the “Intermittent Failures” list. 


Establishing Communication 


1. Is the radio modem firmly connected to the RS-422 RADIO port on the OI through a 
DB9 M-F pin-to-pin cable of less than 6 feet length? 


2. Is the radio modem firmly connected to the RS-422 RADIO port on the RC through a 
DB9 M-F pin-to-pin cable of less than 6 feet length? (Isaac 32 only) 


3. Is the motherboard firmly seated on the robot controller? (Isaac 16 only) 


4. Is the correct team number set on the OJ? 
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41. 


42, 
13. 
14. 


15. 


16. 





. Is the exact same team number set on the RC? 


. Do you have input power to the OI? Is the Power On light on? 

. Do you have input power to the RC? Is the Power On light on? 

. Is the Low Battery light blinking on the RC? Replace the RC battery and try again. 
. Are any of the fuse lights (F1-F4) on? Power down and replace the fuses. 

10. 


Is the Internal Fault light on? (Isaac 16 only) Power down, remove all connections to the 
RC except for power, and try again. If the light is still on, contact IFT. 


Is the Servo Fault light on? (Isaac 16 only) Make sure that all PWM devices are plugged 
in with the correct polarity. You may also have a PWM device that is drawing more 
power than the current limiting will allow. Disconnect devices until you identify the 
device. (If this failure is caused by an intermittent servo that becomes jammed during its 
travel, try to limit the travel with software.) Try to find an equivalent device with less 
current draw. 


Is the No Data/Radio light on the OI solid? Check the radio modem connection again, 
and replace the cable. 


Is the No Data/Radio light on the RC solid on? (Isaac 32 only) Check the radio modem 


connection again, and replace the cable. 


Is the Search/No Data light on the RC solid on? (Isaac 16 only) Check the motherboard 


connection again. 

If the No Data/Radio light is blinking on the RC or OJ, make sure that the radio 

modem is not fully enclosed in metal (as described in ca 54 13), replace the cable, and 
try again. 

Are both the Search/TX and Valid RX lights are blinking? Move on to “Checking the 

Program.” 


Checking the Program 


17. 


18. 


19. 


Is the Basic Error light on the OI on solid? There is a programming error. Check the 
program and reload it into the RC. 


Is the Basic Init Err light on the RC on solid? There is a programming error and the 
PBasic code did not initialize the main microprocessor correctly. Check the user program 
against an unmodified default program and make sure that the Master uP Initialization 
Routine and communications constants have not been modified or moved. 


Is the Basic Run Err light on the RC on solid? There is a programming error. Upload an 
unmodified copy of the default code to RC. If it does not cause the Basic Run Err light 
to turn on, then there is an error with the custom program. Make sure that the Goto 


_MainLoop: and Stop statements have not been deleted. Make sure that the program 


isn't caught in an infinite loop. 





20. Is the correct custom program loaded? 


21. 


Are the Search/TX, Valid RX, and Basic Run lights blinking? Move on to the “Checking 
the Speed Controls” list. 


Checking the Speed Controls 


22. 
23. 


24. 


25. 


26. 
27. 


28. 


Do the speed controls have power? Verify battery voltage with a voltmeter. 


Are the LEDs on the speed controls blinking orange? Check to make sure that the speed 
controls are connected to PWM outputs (not RELAY outputs) and that they are 
plugged in correctly at both ends (colors match black to black). 


Are the LEDs on the speed controls solid orange, with no change as you move the joy- 
stick? Make sure that the speed controls are connected to the right PWM outputs 
according to the program. Also make sure that the joystick is plugged into the correct 
port on the OJ. Use the debug command to verify the output of the PWM channels 
that the speed controls are connected to. Make sure that you have modified the serout 
command to accept the correct data. 


Do the LEDs on the speed controls change from green to red as you anticipate, but there 
is still no movement? Make sure that the motors are firmly connected to the speed 
controls. 


Are the motors permanent-magnet DC motors? Have they been damaged? 


Are any of the RC digital inputs shorted to ground? This can limit the output of certain 
PWM channels. Also make sure that any limit switches are not activated. 


Contact IFI. 


Intermittent Failures 
If the Search/TX and Valid RX lights are blinking and the Basic Run light is blinking, and the 


robot behaves normally, but only on an intermittent basis, consult the following lists. 


Failures from Basic Motion 


1. 


Does the RC have its own separate battery supply? High current demand from the drive 
system may cause a battery to drop below the minimum voltage for a short amount of 
time. Add a separate battery for the RC. 


. Is the RC located near any motors or speed controls? Electrical noise from motors and 


speed controls may interfere with the radio signal. 


. Have the 20-amp inline resettable thermal circuit breakers been removed from the cir- 


cuit? IFI ships thermal circuit breakers with all Victor speed controls. Large current 
surges can cause these thermal breakers to trip. They take a brief moment to reset. They 
should not be used in any combat robot. 





Failures from Shock Loads 


4 
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. Is the power on/off switch capable of sustaining high shock loads? Replace the switch 


. Is the RC mounted with adequate shock protection? Add neoprene or natural rubber 


. Are the connectors on the power input terminals tightened down? 

. Are the terminals well crimped? (Tug on them — do they pop out?) 
. Are the battery connectors well crimped? 

. Are the on/off switch connectors well crimped? 


10. 


An Illustrate 


with one that can handle high shock loads (as described in Chapter 16, “Wiring the 
Electrical System”). 


sandwich mounts to isolate the RC from shock loads. 


Contact IFT. 





neumatics 


f you've been impressed by what pneumatics can do for robot weapons 

and have considered a pneumatic weapon, then this is the place for you. 

If you're already familiar with pneumatic systems, or have been doing a 
lot of research on your own, then most of this will be fairly. familiar. This 
information has been relegated to an appendix because it’s considered a 
more advanced subject, and unfortunately, there's going to be a little math. 


Pneumatic System Safety 


Safety is a major concern with pneumatic systems, and the restrictions and 
regulations imposed by various competitions are tight. This comes with 
good reason. Pneumatic systems are more dangerous than any of the power 
tools in this book because they are potentially explosive. These systems store 
a lot of energy. As with all high-energy systems, when things go wrong, 
they can go really wrong, and you will have very little time to react. 


Below is a list of safety guidelines for working with high-pressure gases. 
Remember that you are the ultimate judge of safety in your shop, and com- 
mon sense is your best defense. 


» The maximum pressure that your system can handle is based on the 
Jowest maximum pressure rating of any component in the system. 


» Always wear safety glasses when testing the system, handling pneu- 
matic components, or filling tanks. A full-face shield is preferable, if 
available. 


» Always fill your air tanks at a slow rate, as described in the tank- 
filling procedure at the end of this appendix. 


» When testing a new pneumatic system, start with the regulator set 
to a low pressure to verify its operation. If the low-pressure test is 
successful, then increase the pressure gradually on subsequent tests, 
working your way up to the desired system pressure. 


> Even with major flow restrictions in your system, the speed of pneu- 
matics can be surprising to the builder. 


_& Proper Tank- ling 
rocedures: : 









t: 


m Never put yourself in the way of your pneumatic actuator when the system is charged, 
even with a motion restraint, as discussed previously in Chapter 18, “Choose Your 
Weapon.” Your motion restraint should be designed so that it can be removed without 
placing your body in harm’s way. 


m In high-pressure air systems, petroleum-based solvents and lubricants can contaminate 
the system and potentially cause an explosion (a condition called dieseling). To avoid this, 
make sure to use silicone lubricant such as Dow Corning 111 silicone compound. 


Compressible Fluid Power 


Air, like all gases, is a compressible fluid, which means that it can be pressurized and manipulated 
in order to do useful work. These systems have become popular for robot weapons because they 
-can store a lot of energy and produce a large amount of force without heavy motors and batter- 
ies. They're also capable of extremely quick response. 


PSI 


Pounds per square inch, or psi, is the unit of measure for the pressure of a compressed fluid. In 
some formulas included in this appendix, you will also see psia, which is the absolute scale for 
psi. This scale includes atmospheric pressure. For most system applications, however, you will 
use psig, which is the gauge scale for psi. It measures only the amount of pressure applied to the 
system above atmospheric pressure. All system gauges will read zero pressure (0 psig) at atmo- 
spheric pressure, which is around 14.7 psia. For convenience, psi is used for psig in all system 
applications. Any references to absolute pressure will be specifically designated by psia. 


In other countries, they use Bar to measure pressure. In this unit of measurement, 1 Bar = 14.5 
| psi. For example, a 200-Bar tank can handle 2,900 psi. 








Gas Types 






The two major gases used in robot combat are carbon dioxide, or CO,, and high-pressure air, 
or HPA. Since nitrogen (N,) is very similar to HPA, it’s often used in place of HPA in robot 
systems. [he use of these gases has its roots in the paintball community. In the early days of 
robot combat, we had to adapt whatever available systems were out there to get the job done. 
Paintball systems were ideal because they provided a lightweight, portable, reliable air source. 
Also, they were in widespread use at the time (and still are), so they were easy to find and rela- 
tively cheap. 


Carbon Dioxide (CO,) — 


Carbon dioxide has been a standard in paintball for many years. Its main advantage is that 
when compressed, the gas goes into a liquid state, which allows you to fit a large volume of gas 
in a small space. CO, has a pressure of about 850 to 1,000 psi, depending on the ambient tem- 
perature. Since CO, systems have been around for a while, their components are usually quite 


affordable (in paintball terms). 


There are two major drawbacks to this system. The first is that the liquid CO, has a higher 
density than the gas, and increases your weight. (You have to weigh in the robot with fu// 
tanks.) In fact, CO, tanks are filled by weight, while HPA/N, tanks are filled by pressure. The 
second drawback is that changing state from liquid back to gas is an endothermic process, 
which means it draws heat from its surroundings. This causes CO, tanks to freeze over when 
you demand a lot of gas very quickly, and as the temperature drops, so does the CO, pressure. 


High-Pressure Air/Nitrogen (HPA/N.) 


High-pressure air is actually breathing air, and emerged because the scuba (self-contained 
underwater breathing apparatus) tanks used by divers were relatively easy to get for paintball 
enthusiasts, and the filling equipment already existed, allowing paintball shops to provide 
equipment fills. Nitrogen is readily available from welding supply stores, and has become the 
alternative of choice for builders who are not certified divers, since many scuba shops will only 


fill tanks for certified divers. 


HPA/N, can be compressed to very high pressures, but scuba tanks are usually filled to 3,000 
psi. The advantages of HPA/N, over CO, are that you can have a rapid-fire weapon with no 
freezing over, and lighter system weight (no adding 12 to 20 ounces every time you fill the 
tanks). Unfortunately, the higher pressure ratings of HPA/N, systems mean that all of the 
components need higher pressure ratings, which translates into greater cost and, often, heavier 
components. This is coupled with the relatively recent introduction of HPA/N, to the paintball 
world, which causes these systems to be 3 to 4 times as expensive as CO, systems, depending 
on the part. 


Different competitions have different pressure limits for HPA/N,. They are lower than the 3,000 
| psi rating of most of the components. Common limits are 1,000 psi and 2,500 psi. In your tank- 
capacity calculations, make sure to use the pressure limit for your specific competition. 
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‘ System Overview 


The following configuration (see Figure C.1) is a by-the-book pneumatic system, incorporat- 
ing all the necessary safety equipment. Think of the system as a linear diagram. You can trace 
the flow of air starting in the tank, then through the regulator, past the relief and purge valves, 
. into the accumulator, and through the solenoid valve into the cylinder. The discussion in this 
appendix will describe each of these components in detail. 


fill nipple 
system pressure gauge 





high pressure burst r 
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tank cutoff — | 
valve tank pressure 
HPA/N2 tank gallee 













purge valve 





ASME relief valve 


solenoid valve 


Ficure C.1: Typical onboard pneumatic system for a combat robot. 


It's a good idea to make a diagram similar to the one in Figure C.1 for your own system. This will 
help during your safety inspection, because you will probably be required to take the inspector 
| through each component in the system. Also, you should bring all of the data sheets and docu- 
| mentation for each part of the system. The inspector may question you on the psi rating of any 
component. If it's not printed on the side, you need to be able to produce supporting documents 
to prove the psi rating. Failure to do so may result in your being barred from competition until 
you provide the appropriate documents or switch out the component for one whose acceptabil- 
ity can be proven to the inspector. Remember, if the inspectors say you can't compete, then 
you're out of luck until you satisfy them. 





Cylinders 


Pneumatic cylinders, also called rams, are the most common way to execute air power in a 
weapon system. The cylinder is basically a piston, as shown in Figure C.2. The piston in the 
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middle separates the two sides with an airtight seal, and is connected to the piston rod. 
Standard pneumatic cylinders have a thin-wall, Type 304 stainless-steel body. The air valve 
(discussed a bit later) routes air into one side of the piston and lets it flow out of the other side. 
The air pressure coming in pushes on the piston, which moves the rod. To change the direction 
of travel, you change the direction of air flow, which means that input and exhaust are 
switched, pushing the piston in the other direction. 


air in exhaust 





——p 


orce 
piston piston rod 


Ficure C.2: Pneumatic cylinder parts. 


Cylinder Force 


The force with which the rod is pushed (in either direction) is based on two factors: the surface 
area of the piston and the air pressure (in psi), as shown in the following formula. Basically, 
larger-diameter cylinders will produce more force. In fact, each time you double the diameter, 
you quadruple the force, because the force is proportional to the square of the radius. 


Cylinder force (pounds) = piston area (in.”) X psi =r? x psi 


Air Usage 


The air that you use each time you extend or retract is based on the volume of the chamber 
inside the cylinder, which is based on the surface area of the piston and the stroke of the 
cylinder, as shown in the following formula. The s¢roke is the change in position from fully ~ 
retracted to fully extended. Larger-diameter cylinders will require more air, as will longer- 
stroke cylinders. | 


Cylinder volume (in.*) = piston area (in.”) x stroke= Tr’ x stroke 


Example: Large Bore versus Small Bore Cylinders 


To get a feel of what’s more important, compare the amount of force versus air usage in the fol- 
lowing two cylinders with a similar volume (air consumption): 


Cylinder 1 has a 4-inch bore and 1-inch stroke (ridiculously short for comparison): 


2 


V.= mr? stroke= 70 ( bere)" x stroke= (3.14) (48 4 in, ) x (1 in) =12.56 in’ 
Cylinder 2 has a 2-inch bore and 4-inch stroke: ; 
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Vo= mr? x stroke= n{ ee)" % stroke= (3: 14)(2 fe)" (4 in.) = 12.56 ine 


The same volume of air (12.56 cubic inches) will be expended when firing either cylinder. 
Next, we compare the amount of force produced by each: 


Fiz atr?x psi= 0 (5) "x psi= (3.14) (44) "x (150 psi) = 1185 ibs, of force 


F2= rx psi= mt ( eee) x psi= (3. 14) (2% al x (150 psi) =296 Ibs. of force 


That 12.56 cubic inches of air will produce 1,185 pounds of force in cylinder 1, but only 296 
pounds of force in cylinder 2. The tradeoff here is the stroke length, which means that cylinder 
1 will need to be closer to a pivot to get the same swing angle as cylinder 2. Still, as you can see 
from this comparison, a large-diameter, short-stroke cylinder is preferable to a small-diameter, 
long-stroke cylinder. As a side benefit, larger-diameter cylinders are also equipped with larger 
port sizes, which will allow a higher flow. Of course, you can get a large-diameter, long-stroke 
cylinder to maximize both force and stroke length, but this results in a larger volume, which 
leads to more air consumption. 


Single-Acting and Double-Acting Cylinders 


You can select either single-acting or double-acting cylinders. The difference is that single- 
acting cylinders have a single pressure port for a power stroke only in one direction. Double- 
acting cylinders have an accessible port on either side of the piston for powered travel in both 
directions. In practice, however, single-acting cylinders should be avoided for high-flow sys- 
tems because they have a main pressure port with a large orifice, and a tiny exhaust orifice. 
High-flow systems need as large an exhaust orifice as possible. To remedy this, the builder 
should use a double-acting cylinder for all applications. Because you're using a double-acting 
cylinder doesn’t mean that you must use 4ofh ports. You can leave the other port open as a 
high-flow exhaust, and the cylinder will function just like a single-acting cylinder. Single- 
acting systems (whether or not they use single-acting cylinders) will need a spring or gravity 
return to reset the system for the next firing cycle. 


Cylinder Mounting Options 

There are two main styles of mounting air cylinders: nose mount and pivot mount. As shown 
in Figure C.3, nose-mount cylinders use a foot bracket for fastening, while pivot-mount 
cylinders use pivot brackets. A third type of mounting offered by many manufacturers (such as 


Bimba) is called universal mounting, which combines nose and pivot mounts along with a rear 
mount. 


Cylinder Manufacturers 


Bimba, Clippard, Humphrey, Norgren, Parker, and SMC are some of the major cylinder manu-: 
facturers in the United States. Models are quite similar among manufacturers to accommodate 
the possibility of substitution for the repair of a preexisting system (called a drop-in replacement). 
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threaded for threaded for 
nose mount rear mount 





foot bracket pivot bracket pivot hole 
nose mount pivot mount universal mount 
Ficure C.3: Nose, pivot, and universal cylinder mounting styles. 


Caution | In high-energy, high-flow systems, you are often firing a cylinder at incredible speeds and, usu- 
7 -~) ally, there is a great deal of momentum associated with whatever mass you're accelerating that 
‘| quickly. You must have an end stop or cushion, or nylon webbing, or some other device to limit 
>, 4. | the travel at the end of the stroke. If you don't, the entire amount of the momentum is likely to 

blow the end cap off of the cylinder and/or bend the piston rod. 





Air Tanks 


The air tank is the primary air storage vessel that’s carried on the robot. It’s a sealed, self- 
contained unit. A larger external supply tank is used to fill the smaller tank in the robot before 
a match. As mentioned before, one of the great advantages of air power is that a gas stored at a 
higher air pressure can expand to a higher volume at a lower pressure. 


Why not use an onboard compressor? Because of weight considerations, and because they're 
too slow to produce enough compressed air to power even moderate-flow systems. 
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Calculating Tank Size 


Having already selected your cylinder, you need to make sure that your air tanks have enough 
capacity to give you the desired number of shots. To get the number of shots, you're going to 
have to do a few calculations. First, we start out with the equation of state of an ideal gas, or the 
Ideal Gas Law for short. It was derived from the work of Sir Robert Boyle, Jacques Charles, 
and Joseph Gay-Lussac (all physicists, not robot builders). 


PV=nRT 


In this equation, Pis pressure, Vis volume, 7 is the number of moles of gas, R is a constant, 
called the universal gas constant, and Tis temperature. The number of molecules (in moles) is 
used in this calculation instead of mass so that the universal gas constant will work with many 
different gases. By converting to moles (a dimensionless unit), you can account for the fact that 
each gas has a different molecular weight. You can then use the Ideal Gas Law to determine 
how the gas will change based solely on changes in pressure, volume, and temperature, inde- 
pendent of the type of gas. This allows us to rewrite the equation as: 


PV _ . PiVi _ PoV, 
7 = R, which leads to i aT 
If the number of molecules remains constant, which we assume because we are converting, not 
consuming the gas, then the equation becomes the more familiar: 
PiVi _ P2V2 
T, 3 Tr 
If temperature remains constant, then the law reverts to Boyle’s Law, which is: 


PV; = Pr), 


Using the last two equations, we can calculate the gas volume at working pressure for different 
types of tanks, as shown in the following examples. 


Example 1: Gas Volume of a 16-Ounce CO, Tank 

Given a CO, tank filled with 16 ounces of CO,, we need to find the equivalent volume of gas 
that this liquid would produce. The molecular weight of CO, is 44 grams per mole. - 

n = 16 oz of CO, = 453.59 grams x (1 mole/44 grams of CO,) = 10.29 moles 

R= universal gas constant = 0.08206 (liters x ATM)/(moles x Kelvin) 

: 20° C (room temperature) = 293 Kelvin | 

P= 850 psi = 57.8 ATM 


Plugging these values in to the Ideal Gas Law, we get: 
_ nRT _ (10.29) (0.08206) (293) 

V= ys cae ~ ey = 4.28 liters 

So, the equivalent gas volume is 4.28 liters, which is 261 cubic inches. 


Next, using Boyle’s Law, we want to find what this volume of gas at 850 psi will become if con- 
verted into the working pressure of 150 psi. 


PrV, _ (850)(261) _ 


- 3 
Pi1Vi= P2V2 can be writtenasV2.= “>, (150) = 1479 in. 











So, the equivalent gas volume at working pressure (150 psi) is 1,479 cubic inches, neglecting 
thermal deviations. In order to find out how many shots this volume of gas will give you in a 
single-acting system, where the cylinder is powered only on one side of the stroke, divide the 
gas volume by the volume of your cylinder. For a double-acting system, where you will be using 
gas to power 4oth sides of the stroke (extend and retract), divide the gas volume by double the 
cylinder’s volume. To account for the phase change from liquid to gas in CO,, van der Waals 
forces, friction in the system, gas leaks, the rotation of the earth, Greenwich Mean Time, 
mutating gamma radiation, and other random variables, I would then multiply the number of 
shots by 80%, which will give you a more accurate picture of the capacity. 


In the above example, the temperature of the system was kept constant for comparison pur- 
poses. However, in reality, the faster your consumption rate, the more the temperature drops (as 
the phase change draws heat from its surroundings). This also causes the system pressure to 


, 4 drop, resulting in a lower volume of gas. So, if you need a rapid-fire system, then CO, might not 


be as ideal as HPA/N,, which does not suffer from thermal effects. 


Example 2: Gas Volume of an 88-Cubic-Inch HPA/N, Tank 


The previous example was a bit involved because we had to eateatans the volume of the CO, 
based on a liquid weight. This example is more straightforward, since HPA/N, tanks for aint 
ball are rated by their actual physical volume. In this case, we can apply Boyle's Law directly 
given the following information: 


P1 = 2,500 psi (competition limit) 
V1 = 88 cubic inches 
P2 = 150 psi (working pressure) 


P,V, _ (2500) (88) 3 
V2= >, (150) = 1467 in 
So, the equivalent gas volume at working pressure (150 psi) for this HPA/N, tank is 1467 cubic 
inches, neglecting thermal deviations. Again, for a single-acting system, divide the gas volume 
by the volume of your cylinder. For a double-acting system, divide the gas volume by double the 
cylinder’s volume. To account for random variables, multiply the number of shots by 80%. 


Example 3: Gas Volume of an 80-SCF Scuba Tank 


Scuba tanks and other nonpaintball tanks are rated in SCF, or standard cubic feet, which is a 
measure of the volume of gas at standard temperature and pressure. In order to compare these 
tanks for use in our systems, we need the physical volume of the tank. In this case, we can Lappy 
Boyle’s Law directly given the following information: 


P1 = 14.7 psia (standard atmospheric pressure on the absolute psi scale) 
V1 = 80 cubic feet = 138,240 cubic inches 
P2 = 3,000 psig (tank rating) = 3014.7 psia 


P.v, _ (14.7) (138, 240) 
V.= — saa 


= c 3 
PP, =~ G0iagy) = 
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So, the equivalent physical volume at the scuba tank's rated pressure (3,000 psi) is 674 cubic 
inches, neglecting thermal deviations, which is about the size of a regular scuba tank. Applying 
this new information to Boyle’s Law again, we get: 


_ ad = 2,500 psi (competition limit) | 
V1 = 674 cubic inches (from above) 
P2 = 150 psi (working pressure) 


P,V, _ (2500) (674) 
P, (150) 

So, the equivalent gas volume at working pressure (150 psi) for this scuba tank is 11,233 cubic 

inches, neglecting thermal deviations. Again, for a single-acting system, divide the gas volume 

by the volume of your cylinder. For a double-acting system, divide the gas volume by double the 

cylinder’s volume. To account for random variables, multiply the number of shots by 80%. 


V=2 = 11,233 in.” 


Air Tank Basic Equipment 


The tank cutoff valve isolates the tank from the rest of the system. This will allow you to fill the 
air tank for a match, while keeping the rest of the system depressurized (safe). Many competi- 
‘tions require that the weapon system only be pressurized in the arena, when the robot is ready 
to fight. Since you won't have much time to activate the robot before a match, your tank should 
be mounted so that the cutoff valve is externally accessible, or you should plan to have an access 
panel or secondary means to turn on the tank quickly and easily. 


The check valve is what you use to refill an onboard air tank. It’s a one-way valve that permits 
air to flow only into the tank for filling. Sometimes the check valve is spring-loaded (as in the 
case of a pin valve for CO,), or it can be just a movable piece of steel that can slide back and 


forth (as in the case of a fill nipple for HPA/N,). 


The burst disc is a piece of copper that’s usually installed directly on the tank. It’s there to pro- 
tect the tank from rupturing, and has the burst psi stamped on it. Excessive ambient heat. 
(loaded tanks stored in a car trunk on a hot day, for example) can raise CO, pressure higher 
than the tank’s ratings. The burst disc will blow and relieve the pressure inside the tank, saving 
the tank itself from blowing. 


The air pressure gauge tells you how much gas is left in the tank. It must be externally visible for 
both CO, and HPA/N, systems, since this will tell you and/or arena personnel whether air is 
left in the system, or if the robot is safe. 


Tanks for CO, 

Paintball tanks are the cheapest way to get CO, onboard the robot. CO, tanks are sized by the 
weight of liquid CO, that they can carry, since CO, gas goes into liquid form when pressur- 
ized, Standard aluminum CO, tank sizes are 9, 12, 16, and 20 ounces. Tanks range from 2.5 


inches in diameter to 3.25 inches, and from 9.25 to 10.5 inches long. These tanks are relatively 
cheap, with prices under $40 for brand-new tanks. 


_ As mentioned above, standard paintball CO, tanks have a pin valve on their output. This 
spring-loaded valve keeps the tank sealed until an air system remote pushes the pin to allow air 
to flow. The tank has threads that screw directly into the remote, which then connects to the 





rest of the air system. The remote should have a manual turn screw to depress the pin valve, 
which serves as the tank cutoff valve in a CO, system, as shown in Figure C.4. The remote and 
pin valve allow the user to easily disconnect the tank for filling, because CO, tanks are filled by 
weight, and it’s easiest to weigh just the tank, and not the whole 400-pound robot. This means 
that CO, tanks should be mounted so that they’re easily removable from the robot (yet still 
well secured). A CO, fill station has an adapter that screws onto the tank (like the remote) for 
filling through the pin valve. 


hed If your competition requires a tank-mounted cutoff valve, and the remote system is not ade- 
quate, then Smart Parts makes a cutoff valve that replaces the pin valve on the tank, and allows 
you to shut the tank off without the remote turn screw. 





To help get the most shots out of a bottle, the paintball industry has developed something 
called an anti-siphon tube. This is a curved tube that points up away from the liquid, as shown 
in Figure C.5. This means that there is a definite ¢op side to the horizontally mounted cylinder 
that’s usually clearly marked by the paintball shop that installed the tube. Also, since the tube is 
usually fairly long, tanks equipped with an anti-siphon tube should never be mounted verti- 
cally. This will negate the anti-siphon effect, and cause you to pull liquid CO, all the time, 
which can damage seals and cause all other sorts of mayhem in your regulator and valves. If 
your robot design calls for a lot of inverted driving, then you may want to consider using 
HPA/N,, which does not suffer from any difficulties related to the tank’s particular orientation. 








manual turn screw 
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Ficure C.4: Air system remote with turn screw. 
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Ficure C.5: Anti-siphon tube for a CO, tank. 


Tanks for HPA/N,, 


The paintball folks have also developed lightweight air tanks for use with HPA/N,. These 


tanks can be steel, aluminum, or aluminum with a glass/carbon fiber wrap. They come in 48-, 


68-, and 88-cubic-inch sizes, although you may still be able to find some 114-cubic-inch tanks. 


Note that all of these tank sizes share a /arge diameter compared to CO, tanks. They get 
shorter as you go to the lower capacities, but the diameter remains about 4.5 inches. This 
should be taken into account in your robot design. HPA/N, tanks can be mounted in virtually 
any position, as long as the tank pressure gauge is visible and the tank cutoff valve is easily 
accessible. HPA/N, tanks are usually sold along with the regulators mounted to them as a 
complete package. Prices of these systems tend to be quite high, as discussed in the regulator 
section. Since all competitions limit pressure below the maximum rating (usually around 2,500 
psi), you won't need to bear the expense of a 4,500 psi tank. A cheaper 3,000 psi tank will be 


just fine. 


A new trend in paintball is to sell HPA/N, tanks with a preregulator installed by the factory 
and set to an output pressure of 850 psi. The prereg’s output threads match those of standard 
CO, tanks, and it has a standard CO, pin valve. The idea is that this tank/prereg system 
replaces a regular CO, bottle so that you can easily retrofit a CO, system for HPA/N,. PMI, 
Crossfire, and a handful of other companies manufacture these systems. If you choose one of 
these setups (which range from about $150 to $250), you will need to use a separate CO, regu- 
lator setup, as described in the regulator section. Although they’re meant to replace CO, tanks, 
these systems still use the fill nipple (as described below) and are filled by volume (pressure), 
not weight. 











All HPA/N, paintball systems have a check valve for filling the tank (also called a fi// nipple) 
with a 1/8 NPT Foster-type FST Series quick-connect fitting, which is the universal standard 
in the paintball world for nonpermanent (quick-connect) high-pressure fittings. It has a lock- 
ing ring that slips down and clicks to engage. Note that this is a temporary connection used 
only to fill the tanks. HPA/N, tanks are filled by monitoring the tank pressure gauge, and can 
be permanently mounted in the robot (no weighing involved like CO,). Proper filling proce- 
dure is discussed at the end of this appendix. 


As mentioned previously, the fill nipple has a movable piece of steel inside. When youre filling 
an empty tank, positive pressure pushes the steel piece in and allows the air to flow into the 
tank. When you've reached the pressure that you want, you turn off the air source (big supply 
tank) and purge the line. Purging the line means that you open a valve (called a purge valve) 
that’s on the fill line. This makes the pressure in the line (which is now cut off from the supply 
tank) much lower than the pressure inside of the robot's air tank. The higher pressure in the 
tank pushes the check valve out and seals off the tank. 


Make sure to get a little rubber cap for the fill valve when you buy the tank. Keeping the fill valve 


| covered when you're not using it will help prevent random bits of dirt and metal from getting 
into the valve and being blown into the tank during a fill. 


Other Tanks 


Paintball tanks are the easiest, but by no means the only solution to an onboard air tank. Small 


fire extinguisher tanks are quite popular on the British circuit. Some modifications to the tanks 
are required. 


The scuba tanks used by divers can be employed in some competitions (check the capacity lim- 
its), and SCBA (self-contained breathing apparatus) tanks have been used by a few teams. 
SCBA tanks are what firefighters and hazardous materials teams wear. They’re smaller and 
lighter than a standard 80-cubic-foot scuba tank, since you don’t have the buoyancy of the 
water to help you hold it up. Unfortunately, they are extremely expensive when purchased new, 
and can range from $500 to $1,200. 


Air tanks are also available from the surplus market, but they tend to be made out of steel, 
which will add too much weight to your robot. Also, many of them are not equipped with stan- 
dard NPT threads (described in the fittings section) and will require adapters. By the time you 
assemble all the necessary adapters and weigh in, you will find that you're not saving all that 
much money. More importantly, you will need current certifications, or you will have to pay to 
have these tanks tested, and they may fail anyway. 





B t: An Illustratec 


Tank Certification 


All paintball tanks must have a current certification date for hydrostatic testing, which is usually 
printed on the side of the tank. Hydrostatic testing ensures that the tank can still handle its 
rated pressure. These dates expire, so you've got to make sure to stay on top of it. CO, tanks 
over 2 inches in diameter (12 oz or larger), must be recertified every 5 years, while tanks 
smaller than 2 inches in diameter are exempt from recertification. Steel and aluminum 
HPA/N, tanks must be recertified every 5 years. If your competition allows filament-wound 
HPA tanks, those must be recertified every 3 years, and have a 15-year overall lifespan. Annual 
visual inspections of the tanks are recommended, but not required. 


Your local paintball shop should have a source for recertifying tanks. Also, scuba tanks must be 


recertified on a regular basis (and out-of-date tanks cannot be filled), so your local scuba shop 


Durin 


may also have a lead on a recertification company. Make sure to allow 2 to 4 weeks for this ser- 
vice to be performed on your tanks. (Right before competition is obviously not a good time.) 
The fee is usually in the $20 to $50 range, and you should have a new DOT (Department of 
Transportation) sticker laminated to the tank. HPA/N, tanks may get a layer of epoxy, which 
may change the tank dimensions slightly right around the new label. 


1g re tae tured of th jeri oe il was dhe ai ne, wai tanks. Greek 











Tank Damage 


If your tank is damaged during competition, your only choice is to remove it. If it has been cut 
through, then it’s a nice trophy for your opponent, or it goes into the dumpster. If it looks sal- 
vageable, then it should not be used until you can have it recertified. If it passes recertification 
requirements, then it may be used again. If it fails, then it’s a trip to the paintball store for a 
new tank. 


Regulators 


The regulator is the part of the system that takes the high pressure stored inside of the air tank 
and brings it down to the system pressure. Everything in your system that comes before the 
regulator is considered the high side (about 1,000 psi for CO, and 2,000 to 3,000 psi for 
HPA/N,). Everything that comes after the regulator is eondidered the iousside (150 to 250 psi 
for both CO, and HIRAAN,): 


Regulators for CO, 


Since the paintball community has been developing CO, systems for years, this can be consid- 
ered a mature technology. Light weight and reliability are big concerns for paintballers, and you 
can benefit from their advances. These regulators are designed to be mounted off the tank, with 
an air system remote, as discussed in the tank section. It’s important to get a remote that has a 
manual screw to activate the tank’s pin valve, which will allow you to fully attach the tank to 
the system and then activate it when you want (as a manual tank cutoff). Otherwise, screwing 
the remote onto the tank will immediately depress the pin valve and pressurize the system, 
which is a highly undesirable feature. As mentioned previously, if your competition requires a 
cutoff valve that is mounted to the tank, you can purchase a Smart Parts cutoff valve that can 
be installed by the paintball shop for a nominal fee. 7 


One of the more popular CO, regulators for robot combat is the Palmer's Pursuit Stabilizer, 
which costs about $100 and weighs 4.5 ounces. The low-pressure version has a 0 to 400 psi 
output range. There are many regulators on the market, but finding one with a decent flow rate 
can be tricky. Consult your local paintball store and ask for recommendations for the high-flow 


regulators. 


A non-paintball regulator that has gained conlledee’ is the Victor SR 310 high-flow CO 2 tegu- 
lator. This regulator is designed specifically for CO, with a maximum inlet pressure of 1 t 00 psi. 
and an output range of 10 to 150 psi. It’s equipped eles fins to help prevent freezing from phase 
change in high-flow applications. Although it has a built-in self-resealing relief valve, the data 
sheet warns that it’s not intended to protect downstream equipment. The drawback of this regu- 
lator is its weight of 2.5 pounds, which is much more than a standard paintball CO, regulator. 


Some competitions require a preapproval waiver for running a high-pressure system. This refers 
specifically to an unregulated CO, system. If you have a regulator, then you have a low-pressure 
pneumatic system. The pressure that they're talking about is what the actuator (cylinder) actually 
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Regulators for HPA/N, 


Because the pressures involved in HPA/N, systems are so high, almost all paintball regulators 
are tank-mounted. This makes for a simple package and avoids having to deal with any high- 
pressure plumbing issues or adapters. I’ve used the Smart Parts Max Flow regulator for several 
years now with excellent results. I’ve also heard good things about the Nitro Duck Mega regu- 
lator. Both of these regulators are sold as complete systems along with the tank. Unfortunately, 
they cost upwards of $400. 


As mentioned in the tank section, you can get a tank equipped with a preregulator (also called 
a screw-on FIPA tank) that brings you down to about 850 psi. Since you're only working at CO, 
pressures, you can use brass and swivel fittings for pene You'll need a separate CO, regu- 
lator as described earlier. 


If you use a non-paintball tank such as a scuba or SCBA tank, then you will have to provide 
your own regulator. Make sure to observe all of the safety guidelines regarding high-pressure 
plumbing outlined in the fittings and tubing section that follows. Some competitors are using 
single-stage cartridge-type regulators from Tescom and GO Regulator. It should be noted that 
the GO Regulator Model PR-7 has a 1.1 C,, which is quite impressive. Unfortunately, it 


weighs 3.2 pounds. 


Accumulators 


‘An accumulator (also called a buffer tank or air reservoir) is used to provide a reserve of air at the 
correct pressure, so that the flow of the regulator, which is usually pretty small, doesn’t prevent 
the system from having a fast response. It’s placed after the regulator and before the valve in 
the system. Basically, it’s an air tank, but much smaller than the main air tank on the robot. 
Also, because it’s on the low-pressure side of the regulator, it can be rated for a much lower 
pressure (usually around 200 to 250 psi) and made from thin-wall Type 304 stainless steel, 
much like a standard air cylinder. 


In standard regulated CO, systems, liquid or vapor CO, can be sucked through the regulator and 
7\ into the accumulator in 4 high-flow situation, where it can expand rapidly and create much 
AuTION»4 higher pressures than the accumulator’s rating. Therefore, these systems must have a down- 
-. 4£..\ Stream relief valve (also called a pop safety valve) on the low-pressure side of the regulator to 
protect the equipment and the operator from damage due to a vessel rupture. Relief valves are 
discussed in the “Safety Equipment” section later in this chapter. 





Not all systems require an accumulator. It’s just a way of compensating for a regulator that 
doesn’t have a high enough flow to meet your speed requirements. If extremely high flow is 
your goal, then you will most likely require an accumulator, because very high C, (flow rate) 
values in regulators are pretty rare. The accumulator’s volume should be based on the cylinder’s 
volume and your rate of fire. For moderate rates of fire, a 1.5x volume is usually adequate, 
although as your rate of fire increases, you will need to use a larger reservoir. 


Accumulators can be plumbed straight through or with a T-connector, as shown in Figure C.6. 
Personally, I believe that the through connection is a better configuration, if you have the space. 
I’ve used air reservoirs made by Bimba for my robots, but other manufacturers, such as 


Clippard, offer similar products. 
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Ficure C.6: Accumulator plumbing options. 


Tubing and Fittings 


Tubing and fittings are the means to connect all of your pneumatic components together. They 
are an important part of the system, and can be a bottleneck in the performance of a high-flow 
system if not properly sized. This section will introduce pipe threads and then discuss both 
high-side and low-side connectors and their usage and installation. 


Pipe Threads and Sizes 


Plumbing connectors in the United States use the National Pipe Thread, or NPT, standard 
(also called the American Standard Pipe Thread). These are different from regular screw 
threads because they're tapered along the length of the thread. This is done so that continued 
tightening of the threaded connector will increase radial pressure, creating a better seal to keep 
liquids and gases inside. 


One of the biggest sources of confusion is that the size designations apparently have nothing to 
do with the actual dimensions of the fittings themselves. For example, a 1/8 NPT fitting is 

actually 0.38 inches in diameter. The nonintuitive feature that these sizes are actually based 
upon is the nominal inside diameter of a standard pipe that will accept this thread on the 
outside. (Oh, right. Obviously.) Much like machine screw threads (as discussed in Chapter 8, 
“Fasteners — Holding It All Together”), pipe threads are designated by the pipe size llewed 
by the number of threads per inch (tpi). For example, the thread for a 1/8-inch inside diameter 
pipe with 27 tpi is called a 1/8-27 NPT thread. Unlike screw threads, pipe tapers have a single 

_ number of threads per inch for each pipe size. Since the number of threads per inch is redun- 
dant, it’s usually dropped, and a 1/8-27 NPT thread is called a 1/8 NPT thread. A table of 
standard NPT thread sizes is included in Appendix F, “Tables and Charts.” 


The rule of thumb to get the maximum flow in a system is to use the largest diameter pipes 
and fittings that you can accommodate. Usually, the ports on the cylinder will be the limiting 
size factor of the system. Just make sure that everything else is as large as possible. 
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High-Pressure (Preregulator) Connectors 


The connector choices for the robot builder are limited because of the pressures involved on 
the high side of the regulator. CO, and HPA/N, are discussed separately because of the differ- 


ent pressure ranges. 


Connectors for CO, systems 


The paintball store is a good source for CO, fittings. All the brass fittings and adapters that 
you ll find there are acceptable. McMaster-Carr has a good selection of 1,200 psi fittings listed 
under “Extruded Brass Fittings.” All components for the high side of a CO, system should be 
rated for at least 1,000 psi. (Team Inertia Labs also reports great success with the coated steel 
versions of these connectors from McMaster-Carr.) Teflon tape should be used on all connec- 
tions. Proper application of the tape is described later in this chapter. 


Usually, you can use the steel braided hose that you find at the paintball shop to bring the out- 
put of the remote into the regulator. Swivel connectors (made by Kick Ass Paintball Products _ 
and others) can also be used to make the plumbing easier. 


Connectors for HPA/N, Systems 
As mentioned previously, alto all paintball regulators for HPA/N, systems are tank- 


mounted, which means you don't have to worry about plumbing Lseauet the high tank pressure 
goes directly to the regulator. However, if you have a regulator that’s not mounted to the tank, 
then you've got to deal with the higher pressures in HPA/N, systems, which require different 
plumbing than CO, systems. All components should be rated for 3,000 psi minimum. 
Anything less is risking disaster, not to mention not passing the stringent safety inspection. 
Nothing from the hardware store and few things from the paintball store will be able to help 
you here. The threads may fit, but those square nickel-plated brass paintball connectors (which 
are fine for CO,) are not rated for HPA/N, pressures and should be avoided. 


A rule of thumb is that regular brass fittings probably aren’t going to work, with a precious few 
exceptions. If you want to be sure, then use steel or stainless-steel fittings. Parker has a series of 


industrial pipe fittings that meet or exceed all standards for HPA/N, systems. They're designed ~ 


for hydraulic use and are the only type of plumbing that I can racemes for high pressure. 
They look different from the regular brass and plated brass connectors that you might find at a 
paintball store or automotive supplier because of their shape. There’s an extra flange around the 
edge as shown in Figure C.7. Also, they have a P cast in the middle of the connector to identify 
them as Parker parts. Although this line does include brass fittings that are rated for pressures 
high enough to be used in an HPA/N, system, I would stick with the steel or stainless-steel 
versions. Also, on the high side of all HPA/N, systems, I like to use all 1/8 NPT fittings. On 
the advisement of various paintball sources, I have personally used medium-strength Loctite 
242 (blue) threadlocker as a high-pressure sealant with great success, although Loctite 545 pipe 
sealant is recommended by hydraulic manufacturers. Make sure to clean the fitting and hole by 
removing all residual tape or old Loctite from the system before applying new sealant. Give it 
adequate time to cure (I know it’s hard to wait) according to the instructions on the bottle. 





elbow > a male run T 
Ficure C.7: Parker high-pressure fittings. 


McMaster-Carr carries a line of similarly rated components listed under “Steel High-Pressure 
Threaded Pipe Fittings.” They have ratings in the 5,000 psi range. Actually, there is one line of 
brass fittings sold by McMaster-Carr that is rated for 2,900 psi. They are listed under “Brass 
| Threaded Precision Pipe Fittings," and are also known as instrumentation fittings. As mentioned , 
earlier, avoid the extruded and nickel-plated brass fittings, which only have a rating of 1,200 psi. | 





For high-pressure hoses, the paintball standard is a -4 size (5/16-inch OD) aircraft hose with 
an extruded Teflon hose with a 0.030-inch wall, a stainless-steel wire-braided cover, and 1/8 
NPT male connectors on both ends. This hose has a minimum bend radius of 2 inches. Parker 
Parflex TFE 919 is a compatible hose rated for 3,000 psi. According to the manufacturer, all | 
91-series permanent (crimp) fittings are proofed up to the working pressure of the hose, . 
regardless of whether they are brass, steel, or stainless steel. (The different material choices are | | 
provided to the end user for chemical compatibility.) You can also use custom-made hydraulic | 
hose, but these tend to be much heavier than the steel braided hose. | 


‘(Gaution | The number one cause of failure with correctly rated steel braided hose is abrasion. Make sure to | 
7 | keep your hoses well isolated from moving chains and gear teeth, or anything else inside of the , 
54 robot that might rub up against the hose. 





Low-Pressure (Postregulator) Connectors 


After the regulator, you have a lot more freedom and flexibility because almost everything 
works with 150 psi (or pressures in that range). 


Quick-Connect Fittings 


The easiest way to go is to use push-to-connect (also called instant tube) fittings. On one end, 
these fittings have standard NPT threads and tighten into the pneumatic system component. 
On the other end, they have a hole to accept compatible instant-fit tubing. Then you push the 
tubing into the fitting all the way until it stops. Presto! You're ready to go. In order to remove 
the tubing, you've got to push the outer ring, as shown in Figure C.8. This will release the fit- 
ting’s grasp and allow you to remove the tubing without damaging it or ruining the fitting. 








to insert: push the tube to remove: push the outer ring in, 
all the way in then pull the tube out 


Ficure C.8: Quick-connect tubing insertion and removal. 


There are many types of push-to-connect fittings available to give you flexibility in your 
plumbing. They also swivel, which gives you the ability to tighten down the connector and 
then position the port where you need it, and they are reusable. I use glass-filled nylon instant 
tube fittings because they've got a high enough rating and they’re available from McMaster- 
Carr. Straight connectors, 90-degree elbows, tees, and male run tees are all standard items, as 
shown in Figure C.9. 





90-degree male run Y-connector 


straight 
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Ficure C.9: Various quick-connect fittings. 


In high-flow systems, you should avoid using elbows as much as possible because you will 
encounter a loss of speed due to air molecules colliding with the wall trying to get around the 
bend. 


While instant tube fittings are the easiest to work with, they are by no means the only choice 
you have. Compression fittings (where the fitting is tightened down with a wrench and bites into 
the tubing) are available in higher psi ratings than instant tube fittings, and offer better resistance 
| to extreme shock loads. (Although correctly installed instant tube fittings should be just fine.) 





Speed Controls 


Speed controls (also called banjo valves) are used to restrict the flow of air with a needle valve so 
that you get a slower action, which is desirable in some cases. They are usually available as 90- 
degree fittings with a locking thumb screw (as shown in Figure C.10) to adjust the speed. Even 
though they are designed to limit speed only in one direction (which is technically a needle 








Pneumatics . 


valve with a bypass check), they severely limit flow in both directions and should be avoided in 
high-flow air pathways. 





Ficure C.10: Speed control. 


Quick-Connect Tubing 


The idea behind the push-to-connect fittings is that the tube pushes into the fitting and locks. 
This system allows you to use flexible tubing that can be cut easily with a sharp knife or tubing 
cutter. The important thing is not to mix inch and metric fittings. A metric hose used with an 
inch fitting (or vise versa) will probably blow out of its fitting when pressurized, or provide a 


leaky fit at best. 


Both the quick-connect fittings and tubing are specified by the outside diameter of the tube. 
Nylon, polyurethane, and polyethylene are common tubing materials. One important thing to 
keep in mind when positioning pneumatic components is the minimum bend radius of the 
tubing. Since this is specified as a radius, remember that a full 180-degree bend will be twice | 
this number. For example, tubing with a minimum bend radius of 2 inches bent into a half- 
circle needs a minimum of 4 inches from tip to tip. Also, higher psi tubing tends to be more 
rigid, and the more rigid the tubing is, the larger the minimum bend radius will be. 


It’s important to make sure that you cut the hose straight on the end, avoiding any ragged 
edges that may cause leaks when installed. Grainger has some excellent cutting tools for air 
hose. I use the #4HL90 handle for most jobs. If you're using stiffer tubing, you may want to 
consider the #4HL89 model. 


I've seen some competitors, such as Team Mechanicus (creators of the Judge), plumb their air 
systems with copper tube instead of nylon, polyurethane, or polyethylene. For low-pressure (150 
psi) plumbing, this offers a much, much larger diameter than you can get in standard tubing and 


4] fittings. Also, the junctions are as light as the tubing itself, the tubing has a high stiffness-to- 


weight ratio, and generally higher psi ratings than comparably sized plastic tubing. Team 





Mechanicus recommends buying the hardened tubing (not the bendable annealed tubing) and 
using brazed-on rigid elbows to make turns. | haven't implemented this technique because | per- 
sonally find brazing the copper a pain, but it works just fine. 


Installing Fittings and Tubing 


Plumbing can be a nightmare. When laying out tank, valve, and actuator positions, make sure 
to take into account the minimum bend radius of the tubing. I usually forget, and it turns the 
plumbing into a last-minute nightmare. You can bend the tubing a little bit tighter, and swivel- 
ing connectors certainly help, but in the end, the tubing will win out. 


For high-flow systems, avoid sharp bends (such as 90-degree elbows) in the path between the 
regulator output, the valve, and the cylinder. Keep the tubing runs as short as possible, although 
make sure that you have enough slack to allow a cylinder to move without pulling on the hose. 
Instant tube fittings leak when the tube isn’t seated correctly because it has too much sideways 
tension. 


Teflon tape or another pipe-thread sealant is required. Some manufacturers have a dry-type 
sealant applied to the threads of their connectors. In this case, you don’t need any tape. In all 
other cases, you should use Teflon tape (see proper wrapping in Figure C.11). You start with 
the fitting in your right hand with the threads facing away from you. Stretch out the Teflon 
tape across the threads and hold it down with your right thumb. The idea is that the tape 
should tighten when you tighten the fitting. Give it a few wraps, making sure not to get the 
tape too close to the tip of the fitting that goes inside of the thread. (You should try to leave 
two threads exposed at the tip.) After four or five wraps, pull the tape tight so that it breaks off 
and smooth it down. Then, the fitting’s ready to be tightened. 





1, Start with the threads facing a Keeping the tape tight, give it 3. Hold onto the tape with your 


away from you. Pinch the tape four or five wraps around the thumb and pull the roll until the 

to the threads with your thumb. threads making sure to stay away _— tape snaps. Smooth the tape down 
Don't start too close to the tip. from the tip. onto the threads and you're ready 
Leave a few threads exposed. to install the fitting. 


Ficure C.11: Proper Teflon tape wrapping procedure. 


Fittings should be hand-tightened and then torqued with a wrench an additional two turns. 
The open end of a combination wrench is the correct tool for tightening pneumatic fittings. 
Adjustable wrenches may be used, but you risk damaging the flats on the fittings. Slip-joint 
pliers should never be used on pneumatic fittings. : 





Fixing Leaks 


Identifying a leak may be difficult to do by eye. Most of the time it involves a slight hissing 
sound that’s hard to pinpoint. One of the best ways to catch a leak is to prepare a cup full of 
soapy water and dab it around your pipe joints. A leak should immediately reveal itself by bub- 
bling the water. Immediately depressurize the system completely to make it safe. Then, check 
to make sure that there is some sort of thread sealant in action. If you can see the edge of the 
Teflon tape, for example, then tighten down the fitting a little bit more. If you find no evidence 
of a thread sealant, then you must disassemble the unit and apply a thread sealant. 


You may be asked to fill your pneumatic tanks well ahead of time and then line up and wait for 
a while. You can't predict how fast or slow the line will move. Tightening up your leaky pneu- 
matic joints before competition will help you deal with long wait times. By fixing air leaks, 

you prevent your precious air supply from slowly trickling out, leaving you without a weapon 
in the arena. 


Safety Equipment 


In the old days of robot combat, safety equipment was virtually nonexistent. You had to be 
really, really careful. The items in this section are excellent additions to any pneumatic system 
and are required at many competitions. 


Pressure Gauges 


There are two air pressure gauges in a standard pneumatic system. The first gauge tells you 
how much air is left in the tank, and is either connected directly to the tank itself or is plumbed 
into the system before the regulator. The downstream pressure gauge tells you whether the 
weapon system itself is charged. Both gauges should be externally visible so that you can tell 
with a quick glance if the robot is safe or if it’s still potentially dangerous. 


Why do you need both? As long as there is enough air in the tank to run the regulator, the 
low-pressure gauge will continue to read the system pressure, which is usually 150 psi. This 
doesn't give you any indication as to what’s left in the tank, however, which makes the high- 
pressure gauge useful. 


The high-pressure gauge should have enough range to be able to read the tank pressure with 
reasonable accuracy. For CO, systems, you will need a 0 to 1,200 psi gauge, while HPA/N, sys- 
tems need a 0 to 4,000 psi gauge. The low-pressure gauge should be 0 to 300 psi. Since air does 
not flow directly through them, you don’t need huge orifice size. Usually 1/8 NPT is all you 
need. On the low-pressure side, you will need to create a branch for the gauge with a I-junc- 
tion. You will also have to do this on the high-pressure side if the gauge isn't already equipped 
on the tank. 


Relief Valve 


The purpose of the relief valve (or pop safety valve) is to prevent excessive back pressure on the 
low side of the system. The valve is spring loaded, and the psi at which it activates is deter- 
mined by the strength of the spring and should be stamped on the side of the valve, as shown 


‘ t 









in Figure C.12. They should be rated for no more than 30 percent over (1.3 times) the rating of 
the lowest-rated component in the system. 


manual test ring 





NPT threads 


Ficure C.12: Relief valve. 


When a pressure higher than the activation psi is present in the low side of the system, the 
relief valve kicks in and opens an orifice to bleed the excess system pressure. Because it’s spring 
loaded, once the excess pressure is relieved, it self-seals and allows the system to continue doing 
its job as before. An excess pressure situation can happen if a cylinder experiences a force that’s 
larger than the one that it’s pushing with. The larger force wins out and the cylinder is com- 
pressed. This creates a larger psi in the whole low-pressure system. 


By the way, this all happens extremely quickly, and it sounds like a loud “pop.” If the overpres- 
sure situation persists, such as a sticky regulator, it makes a loud “blat” sound. If this happens, 
make sure to clean regulator thoroughly and check the system pressure before continuing. 


Many competitions call specifically for an ASME-certified valve. ASME stands for American 

Society of Mechanical Engineers, and this certification guarantees that the valve complies with 

| ASME Code Section VIII for unfired pressure vessels. Although some relief valves are adjustable, 

4 the ASME valves are fixed and must be ordered for the psi that you need. They also have some 
means to test the system by a lever or pull ring. 


Purge Valve _ 


The purge valve (also called a plug valve) is usually a ball-type turn valve, as shown in Figure 
C.13 below. It is used to drain (purge) the low side of the system of air pressure, rendering it 
safe. It is closed (no flow) when the low side is pressurized for battle (making the weapon 
active) and is opened (full flow) at the end of a match to make the robot safe for transport. The 
purge valve doesn’t need to have a high pressure rating since it will be on the low side of the 
regulator, only looking at about 150 psi. It also does not need to have an especially large orifice, 
either, since it is not involved in the high-speed air flow path. It’s usually plumbed to the side 
of a'T-junction, so that the high-flow air has a straight through path. The purge valve is only 
really used at the conclusion of a match to make the system safe. | 








turning the knob rotates the ball, 
allowing air to flow through the valve 


Ficure C.13: Ball-type purge valve. 


Valves 


The job of the air valve (also called a pneumatic solenoid valve) is to route air into and out of the 
cylinder or other actuator, which determines the direction of travel for the cylinder. In this sec- 
tion, I'll go through each of the options that you need to consider when selecting an air valve, 
with special attention paid to high-flow systems. | 


Flow Rate (C, Factor) 


The commonly accepted measure for the flow rate of a system component is the C-sub-v factor 
(designated as C,). The C, factor is critical in optimizing your system for high-speed, high- 
flow operation. This section will help you calculate the necessary C, factor for your valve using 
available information. __ 


Calculating Required C, Factor , 


So by now, youve probably selected the cylinder that you want based on the amount of force 
that you want. You've selected the tank size to give you an adequate number of shots. The next 
step is to calculate the C, factor of your system and make sure that the valve has enough flow 
to handle the actuation speed that you desire. The C, factor is the most critical performance 
factor in selecting a valve. Basically, higher speeds mean higher air flow, which means a higher 
C, factor. ‘4 


1. Find the internal volume of the cylinder in cubic inches, as described in the cylinder sec- 
tion. This is done by multiplying the area of the piston (in square inches) by the stroke 
length (also in inches). 





Volume =r’ X stroke=7 Pete X stroke ) 


2. Find the cylinder pressure Pc. This is usually 150 psi, but is essentially whatever system 
pressure you're running. You should run the highest system pressure that your compo- 
nents will allow, because this helps determine the force of the cylinder as shown next. 


2 
Force =Ar?xX Pc=1 bore x Pe 


3. Find the compression ratio, which compares the cylinder pressure Pc to atmospheric 
pressure Pa, which is 14.7 psia. 


CompRatio = a (14.7) 








4, Find the CFM (cubic feet per minute) of flow, which relies on the cylinder volume (in 
cubic inches), compression ratio, and time (in seconds) to achieve the full stroke travel. 
The 28.8 in the denominator is a constant. 


Vx CompRatio 
time X 28.8 


5. Multiply the CFM by the “A” factor from Table C.1, which takes into account several 


constants to simplify the C, formula. I usually use a 2-psi drop for my calculations. 
(The drop refers to the loss in pressure that you're willing to accept.) 


C.= CFM XA 





CFM= 





Horse's. 
I9.0,9.9 9, 
6.2.9 OW 
.Ginin'o'otbiaa 


ese. 
ah 3S >'0" os : 
ene ig cs — 























10,90,9 29196 
RO MEER Tat 


oct ot tet utot yt 










Inlet Pressure 
(psig) 9 







tease Lig oo'yctclouis'erbia! 

WOUUUE £1 dto'o'erme Cie" 
Vala ey *, 
4 


si dro 


SI Rea ee eC RES 


Nat ste Ute NIE ers 2 





30 
2.99 OG Oude 
O's SOG So 


































taietotutes 





2210" 





Sto 
eee onto" a3 o 35" ON ie 
OY STO{O'H'G,010 N10 o, 

LoFO{d of oi¢ 









VOD MEN OE OE 

Batantads) 
BEE TOI OO OIE 
‘ Ae ates oe a, 






1G EH CINK OLS OE. 
tr 
HDB 









P.OUP WED USC OL 
or Sea: 1,00! 









049 0,0°034,0,9,0,9,0%% 
1F 017,09," Se En 

Patera ar Sssordiy 
1 DSovo soto! tdi 





Sai fu, Gi0,u'U,2 0} 
cats O'E'O'S'E'S'O' Tires PIO Se 
AD WOME OCOD OO 
















RFs QP >} 











SaING 93 ons aaa 
ey 
Bye sie 


“3 4 
PPO ROMO OE " 
BOE NOS OY vop'u gins 
ae Rese Wu. LAUER Ae Pees 
ne 


Par PODS OTOL UO ae po) 2 BECER Oe bier Pe 0! 
BESO S iat hy ERE PIRES CELLO URES 





















Bins 
ad Berna he 













orang 


eves 






f ReineRepeer ern rees 
MT WES Votor> dtu. 





Ean oe AOA ty, 


. ‘ oe . 1a Ip me rere Ey “eingiuioie Qi Sa te MMU! 
F a Oe eMC Ou 
: so = 2,50,0,6,0 0.0/5, 1 . 
. ‘ ? OOO WU 
a, . ee 5 
. . F eee) 7, 

























90. lose 
OIG e wo: 


VICTCLO'S ON 'C ulna ue 


z ie Me Ge Beye gore eee 
PINNED R ODIO D'E U'b'O'O! 





fate tate tan sete MM 












ERD SY 
tao seo 
2 os 


earns 
Deg 





Meese. 
ibe joes sie eg 
Baebes: 




















(psig) : 
“< : iy : ree ah Me 
1 8 0 ; ‘ : : on 
: ; 
: ut c Cu. oe 
: ‘ ee aerice x ‘ 
Bs t : 2. R . 0.0.0.0 a Heamonhicibio! 
pebet os Be Bebe SOUR SU RPE erase oi anh SeSaa BeORRy 
a ae. - ea Fos sialcoe BE ee ORO Ro gota oi bi eenaoee cag 
ae iPOD US Ooo d See 
: : 3 SoS Ss : Rigtoinotuin omer: 2135 
rete Gs 2 Ro Ooon pe ernie 
¥ 12,00, Pol ate Fo! 
1 0 Ee Le 3 
af PURI LG 
‘ OS RR nD 
1 5 0 ‘ PUY M, 
: ahh aya 
Pie ir ee Ssictohaen 
oy B Biome w ons : 
4 . ° OLS ws S' 
: * - « » My om oer see 
: Seaton 
2 ‘ Sie Lior. ‘ 
iar > Hae? teratortomo.n. 
rs “i R20 2 
: f . Le on F TR ey st c 
Bean a im 
re ea : sagan ake sae u ees coe i a, 
eoptulostntyiarg Ou: : 2 Hag 
: F40,0/0, 0 HOI, D sos oyu SSB BURG 
Pec Uoncssee teen 
20) aSen ot o' foto is 0,0,0 
Se otra teen teas FOL (; PBS at F.89, 
Cheeta ooo Singwetne HRStotate 


Source: Parker Industrial Pneumiatic Technology Bulletin 0275-B1. 


Example: Calculating C, 
This example will use a 3-inch bore cylinder with a 4-inch stroke, being run at 150 psi. The 


required time of actuation is 0.1 seconds. 
: 
=n (222) x stroke= (3.14) (34 


Volume = 5) 
2 
xX (150 psi) = 1,060 lds. of force 








2 
(4 in.) = 28.274 in? 


2 . 
=7 bore YPa= (3.14) Ate 
aT let 





Force = 5) 


Pe+ Pa _ (150) + (14.7) 


CompRatio = Pa (14.7) 
28.274 in.*) x (11.2) 
= 110 


_ VX CompRatio _ 
CEM = timeX28.8 0.1 sec) x 28.8 


Cy = CFM x A= (110) x (0.56) = 6.16 
So, for the above cylinder to fire in the given time, a valve with a C, of 6.16 or greater will be 


needed. The cylinder will consume 28.274 cubic inches of air on each activation (double that if 
powered in both directions), and will have a resulting force of 1,060 pounds at a system pres- 


sure of 150 psi. 


Ports and Ways 
Technically, ways are paths for air to flow through the valve, and ports are physical holes on the 


valve body that connect to these paths. However, they are often confused for two reasons: the 
nonobvious way to count the number of ways through a valve, and the fact that, for the most 
part, the number of ports corresponds to the number of ways. Also included in this section are 


examples to help demonstrate some of the options available in selecting a valve and as a way of 


selecting which strategy best suits your weapon. 


yt: An Illustrated 


ELECTRONICS PNEUMATICS 


Oc 
normally closed = current flow 
normally closed = no air flow 


Se a —<$_—_—_—_—+ 


normally open = no current flow normally open = air flow 





The Two-Way Valve 


A two-way valve has two ports: an inlet and an output. This is used to provide an on/off 
switching function. These valves can be purchased in either NO (normally-open) or NC 
(normally-closed) configurations. A normally-closed valve will only allow air to flow when it’s 
energized. A normally-open valve closes off air flow when it’s energized. This type of valve 
cannot repeatedly fire a cylinder by itself, because there is no way to exhaust the cylinder with 
a single switch. However, when used in pairs (as in the following example), two-way valves can 
control single-acting cylinders. 


Example: Dual Two-Way Valves (Single-Acting Cylinder) 

In this application example, two normally-closed two-way valves are used: one for positive | 
pressure, and one for exhaust, as shown in Figure C.15. Valve A connects the air source to the | 
cylinder. Energizing this valve will fire the cylinder. One end of valve B is connected to the } 
cylinder and the other end is left open. Energizing this valve will exhaust the cylinder. Since 
the cylinder is powered in one direction only (single acting), it needs a spring or gravity return 
to retract it and reset the system for the next activation. This will give you the fastest response 
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for a single-acting situation because you can get larger C, rates on individual valves than you 
can with a three- or four-way valve. The switching is a little complicated because you will need 
to fire the solenoids individually. Usually, cylinders are used in the single-acting configuration 
for lifters and launchers, where power only needs to be applied in one direction. 





air in 
an, 
Ficure C.15: Dual two-way valves. 


The Three-Way Valve 
A three-way valve usually has three ports: inlet, output, and exhaust. This type of valve can be 


used to fire and retract a single-acting cylinder on its own. When used in pairs, they can con- 
trol a double-acting cylinder. 


Example: Single Three-Way, Two-Position Valve (Single-Acting Cylinder) 

This method uses a single three-way valve with the output port connected to a single-acting 
cylinder as shown in Figure C.16. This valve takes the place of the dual two-way valves in the 
first example. This valve routes air into one end of the cylinder to provide powered motion in 
one direction only. It also exhausts the cylinder as in the previous example, requiring a gravity 
or spring return. The normally-closed version of this valve provides a simple single-valve solu- 
tion for launchers and lifters. Energize the valve to fire the cylinder. Remove power and it 


exhausts. 








air in 


Ficure C.16: Single three-way, two-position valve. 


Example: Dual Three-Way, Two-Position Valves (Double-Acting Cylinder) 

Unlike the previous example, this coupling of two three-way valves (shown in Figure C.17) 
allows powered motion in oth directions of travel with a double-acting cylinder. A normally- 
closed valve is placed on either port of the cylinder, and one valve is energized to extend the 
cylinder, while the other valve is energized to retract the cylinder. By putting a speed control on 
the valve that exhausts while retracting the cylinder, you can get a slower action that’s much 

more gentle on your robot. When neither valve is powered, the cylinder will move freely. ‘This 
method is used in a situation where it’s desirable to actively pull a weapon back in, which might - 
be the case with retracting a hammer, for instance. Because the cylinder can move freely when 
neither valve is powered, the rest position for the arm should be stable or spring-loaded. 


The Four-Way Valve 


A four-way valve may have four or five ports, as shown in Figure C.18. In the four-port config- 
uration, it has an inlet, a cylinder A output, a cylinder B output, and a common exhaust. In the 
five-port configuration, the valve has the same inlet and output ports, but separate exhausts for 
A and B. Since A and B will only be connected to their own exhaust ports, the five-port con- 
figuration is still technically a four-way valve. Why would having separate exhausts be a useful 
thing? So that you can retract a cylinder much more slowly than you extend it using a speed 
control, which is a commonly desirable trait when firing a hammer. It would be better to pull 
the hammer back in more slowly so you don’t pound yourself. 


— Pneumatics 
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4-port 4-way valve 5-port 4-way valve 
(common exhaust) (separate exhausts) 


Ficure C.18: Four-way valve connection. 












t An Illustrate! 


A four-way valve can control a double-acting cylinder by itself by routing positive pressure at 
the inlet to one output port while exhausting the other. When the valve is energized, it 
switches inlet and exhaust directions, which reverses the travel of the cylinder. Although this is 
an easy configuration to work with, to get maximum flow, you might consider dual three-way 
valves to control a double-acting cylinder as discussed previously. Four-way valves are further 
classified by the number of positions they have. These are possible switching positions for spool, 
which actually does the routing of the air inside of the valve. 


Some manufacturers have five-way valves, but these are technically four-way valves with five 
= | ports, as described previously. 


4 Four-Way, Two-Position Valve (Double-Acting Cylinder) 
A two-position valve has only two states. The cylinder is either fully extended or fully retracted. 
_ This is the easiest type of valve for the pneumatics novice to implement, because the control is 
easy, and can be interfaced with a single servo switch. Apply power, and the cylinder moves to 
one end. Remove the power, and it goes back to the original position. This type of valve uses a 
single solenoid (described next). An example of a weapon employing this type of valve would 
be a striking weapon with an unstable neutral position (head held aloft). 


If you're keeping something aloft (like a hammer head), you might be better off with a three- 
position open-center valve and a spring to-hold the arm in place, rather than a two-position 
valve. The reason is that you want the ability to bring the arm back under power, but for the 
| maximum speed in your stroke, the cylinder must be completely exhausted before attempting to 
fire. The back pressure will slow you down. You probably don't need a huge amount of force to 
keep the arm aloft. 


Four-Way,Three-Position, Closed-Center Valve 

A three-position, closed-center valve allows you to stop the cylinder at any time in the travel, and 
it will stay in that position. Closed-center means that when the valve is in the stopped (center) 
position, there is no exhaust to either side of the cylinder. This doesn’t mean that the cylinder 
stops in the exact center of the stroke. It can stop anywhere and hold — midstroke, near either 
end, or at the end— it doesn’t matter where. As long as the solenoids are not energized, there is 
no air flow. No air flow means that the cylinder maintains whatever position it’s at. When you 
reenergize the solenoid, the cylinder moves in the direction of air flow. This type of valve can 
be used with a lifting arm and speed controls. The control for this type of system is a bit more 
complicated and requires two servo switches for running a double-solenoid pilot, as described 
later. An example of a weapon using this type of valve is a lifting arm that can be stopped at 
any point in the lift. 


Four-Way, Three-Position, Pressure-Center Valve 

A three-position, pressure-center valve allows you to stop the cylinder at any time in the travel 
and it will stay in that position, exactly like the closed-center valve above. However, pressure- 
center means that instead of cutting off the flow of air completely to immobilize the cylinder, 
both sides of the cylinder are connected to positive pressure. This type of valve behaves exactly 
as the closed-center version does, although some manufacturers warn that because of minor 


| 


“| This should be made so that the weapon arm is in the safest position when the system has no 
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any 
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pressure inequities, the cylinder may creep to the fully extended position, and recommend the 
closed-center valve for stopping the cylinder mid-stroke. 


Four-Way, Three-Position, Open-Center Valve 

A three-position, open-center valve connects exhaust to both sides of the cylinder when it’s in the 
rest (center) position. This type of valve is best used in a high-speed system. In some weapon 
systems, speed counts for a lot. Even a small amount of speed difference can mean a large 
amount of force lost. In the case of an open-center valve, you get the maximum speed response 
because youre not trying to exhaust a chamber full of pressurized air at the same time that 
youre filling the other side. Having air present on the other side of the piston will slow down 
the response because of the need to push it out at the same time that you're pushing air in. This 
also means that since the cylinder is exhausted on both sides at rest, it’s free to flop around 
unrestrained. If this cylinder is running an arm, then it’s best to have the arm fold back into the 
body, with a spring return or just using gravity. The control for an open-center valve also 
requires two servo switches for running a double-solenoid pilot, as described later in this chap- 
ter. An example of a weapon using this type of valve would be a hammer with a stable neutral 


position (folds back into the body). 


Solenoid Pilots 


The pi/ot is the part of the valve that controls the switching. Most of the time, you will use a 
solenoid (electrical) pilot, which is a lot like an electrical relay because it creates a magnetic field 


that causes a physical motion. In this case, the field moves a spool that changes the direction of 


air flow. You can choose the solenoid activation voltage. Commonly available voltages are 12 
volts DC, 24 volts DC, and 120 volts AC. You should choose the DC voltage that works best 
with the voltages available in your robot. 


You have a choice of which is the default condition when no power is applied to the solenoid. 


power. Also remember that you should have a motion restraint to prevent the arm from acciden- 
tally firing during your power up sequence in the arena. 


Single-Solenoid Pilot: 


All of the two-position valve examples described earlier (two-way, three-way, and four-way 
valves) use a single-solenoid configuration, which uses a spool with a spring return. The valve is 
in one position when deenergized. To switch positions, you energize the solenoid. To return to 
the original position, you deenergize the solenoid, and the spring pulls the spool back. This 
type of valve can be controlled with a single switch or relay. 


Double-Solenoid Pilot 


The four-way, three-position valve examples described earlier employ a double-solenoid con- 
figuration, which uses a spool that is pushed back and forth, with a spring that returns it to the 
center. Energizing a solenoid at either end of the spool changes the position. When both - 
solenoids are deenergized, the spool returns to the center. This type of valve requires a servo 
switch for each solenoid. 














Air Pilots 


Some high-flow valves require an air pilot, instead of a solenoid pilot, for activation. In place of 
a magnetic field to move the spool, air power is used. The user is provided with a pilot port, 
where the air goes in. In order to interface this to the robot, however, you will still need a 
solenoid (albeit a much smaller one) to route air into the pilot port. Because this adds an extra 
component to the system (and yet another part that can fail), air pilots should only be used 
when necessary. It isn’t generally worth the extra weight and cost. 


Valve Manufacturers 
I’ve personally used MAC four-way and Norgren Prospector valves in my robots, although 


there are many different manufacturers to choose from, including SMC, Parker-Skinner, Festo, 
and KIP to name a few. 


The Fill System 


Getting air into the system safely is a major concern. This can be as dangerous as the entire 
pneumatic system itself. Flying hoses can slap you in the face or hands. Ruptured connections 
can send a cloud of CO, flying into your face. You should make sure that your filling apparatus 
is properly rated for the type of gas you are using, and that it is in good working order. 


CO, Fill Stations 


The most common source for big CO, supply tanks is your local welding supply shop. They 
stock CO, tanks and refill the tanks. As far as the actual filling apparatus goes for paintball 
tanks, the, paintball shop should have an off-the-shelf fill station that attaches directly to the 
—s tank, as shown in Figure C.19. It’s important that the fill station has an air system 
remote that has a manual screw to activate the tank’s pin valve, which will allow you to fully 
attach the tank to the fill station and then activate it when you want. Otherwise, screwing the 
remote onto the tank will immediately depress the pin valve and pressurize the line, which is a 
highly undesirable feature. If you have any questions, the people at the paintball shop are usu- 
ally more than happy to tell you all about the equipment and how to use it. 


You'll also need a scale that has the appropriate resolution for your tank size to make sure that 
youre not overfilling your CO, tanks. They should only be filled to their rated capacity. For 
example, a 20-oz CO, tank should be placed on the scale and zeroed. Then you should add 
CO, until the scale rentd 20 ounces. No more. 


Don't overfill your CO, tanks. You run the risk of stretching the burst disc, which is there to pre- 


7 <2 vent tank rupture in an overpressure situation. Compromising this safety device, whether it's 
AUTIONS4 intentional or not, is unacceptable. 
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Ficure C.19: Typical paintball-type CO, fill station. 


HPA/N, Fill Stations 


The most popular source for an HPA supply tank is your local scuba shop. As mentioned 
before, standard scuba tanks are rated for 3,000 psi and have a capacity of 80 cubic feet, which 
is enough to refill smaller paintball tanks numerous times. Some of the larger competitions 
provide air-tank filling for free to competitors, monitored by a sponsoring welding supplier, 
usually for safety and insurance reasons. You should find out ahead of time if you will be 
required to provide your own air supply during the competition. If this is the case, you may 
need more than one tank to get you through a weekend. 


Don't walk into a scuba shop thinking that you have the right to purchase any equipment that 
you want and use it however you wish, especially if you're not a certified diver. You don’t. They 
have a legal responsibility to make sure that the equipment they sell is properly used for the 
purpose for which it was intended (which, by the way, is not robot combat). However, it’s not 
unheard of to use scuba tanks for purposes other than diving. Airbrush artists use them as a 
quiet alternative to a noisy compressor. More recently, paintball players have been using them 
to fill their HPA tanks. The key is to talk to the manager or owner of the shop to see if he or 
she is willing to help you out. You may be required to sign a waiver that says that you won't be 
using the supply tanks for their intended purpose. Make sure to get any and all training that is 
offered, and make sure to ask questions so that you have a full understanding of all of the dan- 
gers involved. 





I would avoid trying to make an HPA/N, fill rig using individual parts from a scuba shop. It’s 
possible, but a whole lot easier to get something premade. Your best bet for a fill rig is the local 
paintball shop. Many shops now carry fill rig assemblies that fit scuba tanks. The Java SCUBA 
fill station (shown in Figure C.20) clamps directly to the standard K-valve and gives you a high 
pressure gauge, which does not come standard with scuba tanks. It retails for about $60. The 
only drawback is that the fill nipple is directly on the fill station, which is fine for most paint- 
ball applications, but several-hundred-pound robots would like to stay on the floor while you 
fill them. To remedy this, you can go a few different ways. You can purchase a coiled remote 
from the paintball shop that’s rated for 3,000 psi. (Don't be surprised if the coil stiffens during 
a fill.) You can get a custom hydraulic hose from a hydraulic shop (look wherever there are 
bridges and trucks). Finally, you can order a premade Teflon hose with a stainless-steel braided 
cover from McMaster-Carr (#4468K201) in a 24- to 36-inch length with male 1/8 NPT con- 


nectors on both ends for about $15. 


K-valve locking screw 








supply tank gauge 


line purge —ND JAVA fill station 


tank gauge 





foster ea 
connector "PPI 


SCUBA tank 


| Figure C.20: Java SCUBA fill station. 


Nitrogen tanks, much like CO, tanks, can easily be acquired from your local welding supply 
shop. Unfortunately, since the use of nitrogen has only recently gained popularity, paintball 
shops have not yet started stocking fill stations specifically for nitrogen. The CO, fill stations 
are not rated for the same pressure, and use different fittings. You can, however, make your own 
fill rig with adapters from a welding supply store and appropriately rated hose and Foster-type 
adapters, as described in the fittings section. It is important to add an appropriately rated high- 
pressure purge valve to the line so that you can depressurize the line, allowing the check valve 
to engage, as described later in this chapter. 
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Proper Tank-Filling Procedures 


Outlined next are the proper filling procedures for CO, and HPA/N, systems. These are gen- ? 
eral guidelines and should be customized to whatever anditional sates procedures are deemed 
necessary by your fill station manufacturer and supply tank provider. The best training comes 
from the source. Wherever you buy your pieces of filling equipment, you should ask the shop to 
give,you a brief rundown of the system's operation. Don’t be afraid to ask questions until you 
feel completely ane with the equipment. 


Proper eye protediion should be worn at all times while filling and handling pneumatic tanks. A 
full- face shield is recommended for the filling procedure. | | ! 





co, systems ! 
The following procedure applies to standard paintball CO, tanks with a pin valve. Although : | 
screw-on type preregulated HPA tanks have a pin valve, oon should use the procedure for i 
HPA/N, tanks for them.. | | | | 

1. Remove the CO, tank from the abot and place it on the scale. , 


2. Make sure that the manual screw on the fill station's air system remote is unscrewed all 
the way so that it cannot accidentally activate the pin valve. 


3. Screw the fill station's air system remote onto the air tank's pin valve. 
4. Close the fill station line purge valve. 
5. Zero the digital scale, or record the current weight. 


6. Slowly turn the manual screw on the fill station’s air system remote clockwise to activate 


the CO, tank’s pin valve. 
7. Slowly open the supply tank valve, and allow the tank to fill at a Hy rate. 


8. It may take several minutes to reach the desired weight of CO.,. Filling a tank too 
quickly will generate a lot of heat, and may damage the tank. 


9. When you reach the desired weight, turn off the supply tank valve. 


10. Turn the manual screw on the fill station's air system remote counterclockwise to deacti- 


vate the CO, tank’s pin valve. 
11. Open the fill station line purge valve. 
12. Unscrew the fill station’s air system remote from the air tank’s pin valve. 
13., This tank is now filled and ready for combat. 
14. Make sure that the robot’s purge valve is open. 
15. Make sure that all weapon safety restraints and covers are in place. 


16. Make sure that the manual screw on the robot’s air system remote is unscrewed all the 
way so that it cannot accidentally activate the pin valve. 


17. Screw the robot’s air system remote onto the air tank’s pin valve. 
y : p 
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48. Secure the air tank in its holder. The robot is now ready for combat. Do not remove the 
weapon safety restraints or covers until the robot is in the arena. 


[Caution Don’ t overfill your CO, tanks. You run the risk of stretching the burst disc, which is there to pre- 
“\@3 vent tank rupture in an overpressure situation. Compromising this safety device, whether it's 
s intentional or not, is unacceptable. 





HPA/N, Systems 


The following procedure applies to all HPA/N, systems, including the newer screw-on-type 
preregulated HPA tanks that are intended to replace CO, tanks. 


1. Make sure that the robot is in a stable position and cannot move. All weapon safety 
restraints and covers should be in place. 


2. Make sure the Foster connector is pushed all the way down onto the fill nipple, and that 
the locking ring clicks before applying any air pressure of any kind. 


3. Close the robot’s purge valve. 
4. Close the fill station line purge valve. 


5. Slowly open the tank cutoff valve. (With screw-on type preregulated HPA tanks, skip 
this step. They don't need to open the tank cutoff valve.) 


6. Make sure that the tank pressure gauge is clearly visible. 


7. Slowly open the supply tank valve a quarter turn, and listen for the click of the check 
valve. Once you hear the click, turn the supply tank valve a little bit more and then hold 
at that position allowing the tank to fill at a slow rate. If you do not hear a click, stop 
immediately and make sure that the tank cutoff valve is open. 


8. It may take several minutes to reach your desired tank pressure. At a recommended rate of 
no higher than 600 psi per minute, this means a minimum fill time of 4 minutes and 10 
seconds to reach 2,500 psi. Filling a tank too quickly will generate a lot of heat, and may 
damage the tank. It also increases the risk of dieseling, as described in the safety section. 


9. When you reach the desired pressure, turn off the supply tank valve. 


10. Close the tank cutoff valve. (With screw-on type pre-regulated HPA tanks, skip this 
step.) ; 


11. Open the fill station line purge valve. The HPA/N, should vent, and the check valve 
should close off the flow of air from the tank. 


12. Open the robot’s purge valve. 
13. Disconnect the Foster connector from the fill nipple. 
14. The robot is now ready for combat. Do not remove the weapon safety restraints or covers 


until the robot is in the arena. 


Keep a close eye on the robot's pressure gauge. Some nitrogen and scuba tanks can provide fills 
oe ‘é above the pressure ratings of paintball tanks. Do not overfill the tank, or damage may occur. 








Online Resources — 


n the past few years, the amount of information and resources available to 
builders has exploded. Here are many of the most popular online 
resources for combat robot builders, sorted by category. 
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Catalogs 


s you saw in Appendix D, you can get almost everything you need to 
build your robot online. However, there are a few good mail-order 
catalogs that you should have on your bookshelf. 


Younger builders should note that one of the most important tools for robot 
building i is a credit card. When you have a credit card, ordering parts for the 
companies listed in this section — online or on the phone —is a snap. If you 
don’t have a credit card, then you may have to place your order COD, where ' 
you pay when the shipment arrives. Not all companies offer this, however, 
and it’s best to contact each company and find out its polgy 


[Note Additional handling fees‘may apply to shipments made outside 
<3] the United States. Minimum. order amounts may also apply at 
some of these vendors. Make sure to contact the vendor and ask 
first thing. 





Industrial Suppliers 


The suppliers in Table E.1 are the biggest suppliers on the block. They gen-_ 
erally carry everything, and it’s usually in stock. From mechanical items to 
raw materials, these stores have the complete range. They also stock tools 
and accessories. The bulk of your non-robot-specific parts and materials will 
come from these suppliers. 








Specialty Suppliers 


These suppliers target more-specific interest groups. They are included in Table E.2 because 
many of the tools and materials used in robot building come from various other disciplines. 


















Santiwannnee ee EDO U SG, 
SSS Re Rae IR 
ene Sac 
INO UD, 

PA OO%, 
























ae 


apogee, 

APGOGE SAG aininodoe goa! 

GM eWDENG, aso eg Samoa 

Pr oicte ofod wee yeh ease 
Roe 














a 
COE 

9, 
Rt 















‘yo 
ra. 
ie 





WG AOBOO'O, on 
EERIE UO BE 
RG FTO,.0 DGiors 
HOS 'ulolo’ 3% 






3'¢'0'Se,0,01 
DES eDS gout ee 







































McMaster-Carr Lots of mechanical cor nponents at Te alas S from 



















fot Gl iwantiaitene tahatglOtd OULU eye ies BEE SPER oatoofe Sea a5 Raptr Kee MO 
Sete {3 en Bio ets Narn eta hata sty O endath Gates B05. Bee esting ray 
SEE Ca Spake vee San sa aoe oes 






















stocki 


fouishg erat 
Ect ety, 2 






P.O. Box 54960 
Los Angeles, CA 
(562) 692-5911 


(562) 695- 2323 





SES Rares 
Me bars 









Soe 
PONT, 
On aoe 






90054- 0960 














io eS S828 
POSES 6.0 
che Orig ger 
ages 5,096 9,0'3,8 
PRON? 
< dosage ase 
OS O89 2 Ove, 
ORS Nee 
ERS u S0i8gh 








LOOP Ie N 
Oso. Oegeey (ro. Bee 
sige eosin NB 
ee EEE RS Pe i tht 
Bia yas 






















BEDE) 
recat 













om 


ges eregeeend 
chee naows eee ERE 





http: // www. ‘memaster.c 











sorted ale 
er OE BGod 





prttes 


















Derry 


ilalog ie 





x ates PES an 
Ca aan a 


pply, 








MSC Industrial Su The 


c) 
Gite, r 
Bidinte, sia 
totora, iy 

































Scones So 1e ‘ 
eeu garg tc Rebate oe ‘atta : 
‘ Ry ePeiome. OF BATE ote oe 
atone een a sora Res PE9 


ne Beiaiat : 


Sue 











Ce NGS ae oto 
LBS 'Or OF G.m: OSS 
tote BGR A glo OTe, 
OOO IE AH OO, 00% canted 


Stkrt) 
































CRE wRotneion 
SPUN aU, 






Societe: 
FEES E NOS CF ONT: 5 
190 origins eh 


f010,0.9, 




















regres ! 

AS eee Rieu eG, 
Puro Ine gta 
x SHOES PR 
RS 










nada) 


tare 





Ca 


(713) 862- 8665 (outside USA & 


Panag 






1248. Gs 
Re OMe Gis, 











UO OO. ug 
PFO. 3; 


-5067 FAX 





















ROR nt ete 
Septet 


at at als and 


Botrorde Ga 
Be eaneay) 


scdirect.c 


http: //www. msc 





06 09,0,90 
ial ene ge 


| stoc ‘Eo 

















ania 


SIR dINe Con 






Ghee: 













pal 






















Grainger Industrial S 
























pone 






















































































eee Ses 
One a 
_ esate gue Sie Si wit ae Catalan tiga: ¢ Sie eS sone SSca'o'e o:940) ae ie 
oo i so f Meson teg as. uroose H cs ee Hope Mian gs MBE Ne ROSS BS Oe eae Sree ss 

. OO, * Ls, at 

es throw hout 2: fae _ General+p se ha vue | Business-to ~DUSINESS. ee 

Bane HS 5 Saas. ¥ Poatehork Remunne. wah Qe Su: 

Ne < a r’ 505 

If a consumer of < 
: : ae 
bo Be: 









Ee AS 259, 3,01200 05 


BUEO 2129 OEs'or 8.0... 
No tu SIGNS 


30 19.61 








woes ee 
foe Sgt, PRR Ren 

EOS TS 9,590 
au Foo os oe 3, chee 
Belo Cdignticg stolons: 









Zo'sio'es ; 
reese Cologne agin 


















DORSIAS ! 
aco ee 
senate 








BES Biecioon 
CS Poem Ses 























WHedimngioneny 
ae 


Sener 





BODOG one 
ISENOIBIG, G59 











ee Cio a olotet 
Arse ne DOF y 








dignaes Benes Bee 

rains f 

OOF ON Ree Recents 

anes icho. 
Ne'9,03 se 


















eee ro 


L uilt ai 













Papo 
SECS Ga sono ee 

























3 r nen. 3 TGduaiatarntes fi 
RGGI, mS 
ul ing PEASE ewese. 


Sie oi oe 
VOMAE. en 


















(877) 477-7823 
(909) 372-9555 


Ars tgs 
KOO O,Ge nS 


















52 
i8H eae oe * 

pe egret yvi0.0% Sawin oe 
SEC Meusioinnanne 
DEG aS 





She 


Au K ‘ S ; é ee 
Shabana vast ares PNAS, 
1 OL2,0,%%, 











PN 
7,2 rey 8.018 






































































oe awte- an ‘ee Be) OE 
Sree oman ae iiss ' cer 
re Protea HO poeta ta gg a SS 
RUE SPOR a uh aie ue 
ising Cory 
358 
“hee RS 
FBO O18 Nags) eae 
iets é 
som a8 
te SATE rors 
pepe on INEM iN Tig ro st Bee 


IARC EG, 


Oey ‘ 
snteletain etal Weotnigns.o.k, ; 


ce asavain atest 480 
Ou lady Neate 2 
‘Dou Gouge 


















Bete ny resua oe HOS 
ei gihead Ry 





http: ine aircra pruce.con 


ee re bie ae . cubiinieiwe 








rinstasmrmraerndl siraitletnatetnestndihs ij nepmamtincnsctild AHA RAEN 


(952) 882-6927 FAX. 






















ps a soar ove see eras pn oa a ae tee edna ew 


ee eae 
oo aks * zs = wh at 
See pega pa atam ape : 
oes aca ideation cE 


RPT Notes 1: 
Peiy 











— : a in a 





: hh 
as gt ss er peep eee pas eta oe 


oe Ee ce ure 






cee 



















ue Bes 


i gris : 
aerrks ithe 5 rae oe 


x eee a fae a rey 
a Se ¥ ae Sue 5 : 
toe Repeat ot eaten pacts piers ees ERED Vers: 


aes Bes ret 
a ee arenes 


make er tools an ae ies. . Small n metalw 


ons ihe yea mil ae arg eet: nay 















Seri cdesne erp een ee 


oe ee ested com 























: “Model 








ete a rey: rae 
Case pee 
























rs 
HEE oe 


ee 


Raat ie tetany fe 


et mrecre 


ee 


Regs 


RoR Sos nile ea ree 2 
by 


ey 665- 9383 bee : 
















pareiuenese art i 


SS eee rane teen ue 


= a moore ited Aan oy hy 
arm ae oe t catalog. Huge: » selecti 


comp See reat oe ac ber 
ts. Also some useful was 


Northern Tool & Equip mae i Compa 


se 4 
Stee ae 
Sree 

























Burnsville, MN 55337. 
(800) 533- 5545 — De 


http://www. NorthemTodl.¢ com — 


Small Parts, Inc. 
13980 N.W. sath Court 
P.O. Box 4650 
















of 2 foe hi ne iF 





The ai a little bit of 


an ae jee iC Seago 


Gok nd al 


as re ee 





















Bh occa 

es alee ; 

aks opine paca 

ea aetna thie 
eee cee ee 





















Sane gene 
eb : soe ee ae 
ote cig tere 
oe a 
rer coche SS eae 
hate ee 
rates iar 
Le 


Pues ee 



































http://www, wana com 


Sti ane cee 


if aoee 
1 






pees 


wee uh taets sie YES 
cee 










Ties EERE atte 


supply catalog. O 









i pone wie 


ee ‘ 







a 
a See R ae 
, am 


pies tang hes ee 
hia eee 


(831) 761- -4800 (outside USA & Cana 



















ae built ii ples Good sour 















= ie Ch nrom ing ieee : 
Ieee nae: ce 


eae gale 
eo ‘i eee 










Highland, IL bane 
(800) 221-9425 










ioe cele nae 


http: ray wicksalreraft. com 


ee ee haat 





Eas 
ec Doniget aah 
aa PAST eea 








a 
24 ete peracid EEE 


peacibnis ik ap: ahs et 


Bot: An Illustrated Guide to Buildi 





urplus Suppliers 


One of my favorite things to do is check out the surplus catalogs for new and interesting stuff. 
Popular motors such as the AME D-Pack and EV Warrior were discovered in surplus catalogs, 
listed in Table E.3. Who knows what you might find? 
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Radio-Control Hobby Suppliers | 


The stores listed in Table E.4 come out with regular catalogs that have all the hottest R/C air- 
planes and cars. They are also a good source for radios and servos, often beating local hobby 
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Electronic Parts | re Fe 
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While I don’t recommend making your own speed controls or other custom circuits, you may 
_. . need electronic parts for a custom control box for your IFI system. The suppliers in Table E.5 
, are all reliable and well known. | 
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Appendix E — Catalogs 





Machine and Power Tools . — i er 


Eventually, you may decide that you need to expand your power-tool collection to more than 
the hardware-store variety. The suppliers listed in Table E.6 can help you out. You can also find 
more-specific metalworking tools in their catalogs. 
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Mechanical Parts ) | | 


The companies in Table E.7 manufacture mechanical components such as gears and racks. 
If you can't find it at McMaster-Carr, then you can go to the source. Note that this tends to 
be a pretty expensive option. These catalogs don’t generally have prices because you have to call 
the manufacturer for a quote. However, each of their catalogs is full of useful engineering 
3 information. 
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Tables and Charts — 


his appendix is your resource for helpful tables and charts to aid you 
in your design, and to supplement the information in the chapters. 
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Source; Fenner Mannheim/Trantorque 
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Bot: An Illustrated Guide to Building Combat Robots 
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Note: Length of setscrew may vary depending on the hub diameter and bore. 
_ Note: Depth of keyway is half the key size. 
Note: Setscrews are usually placed one above the keyway and the other at 90 degrees from the keyway. 
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Note: The 72 MHz band may ONLY be used for aircraft models. The 75 MHz band may ONLY be used with surface 
models. Use of the 50 MHz band requires an Amateur Radio Operator License from the FCC, 








e 
























: pire 
Od eStC1O'D'0, 0,010.0 









































































-f 2 ame ob Ee preg ens ; se see 
‘ 3 Be NOLO, oS 
“ ORO 
= 1" POO, S.5 Sok BOWMAN OL 
[ ab e I 9 Stal |. Curt re 0 Supuiaadeg (area seetegucoss 
“ = (ODIs SH eae pO RR DBT mrs 
EES, 5 F: %; ELE O DOTS o mere eas OOS 
as : a nod oat prec tes Sat hse path: aA SiR Seer to ote PME BOG arene eee 
‘ Ths : oils a oS ee ONDA Taito mts ROO. 9.9.9.0.8'0, poate 
wt oft at op : £2 ay SABO, ees Si8ES oro.050 TOO | eae eet NG. 
Tha. Lo . é “e oN FG ONO SO pe Lode LSD iol Ware 
ve SA ee ae eee noe soesesl Sieee sepseerar uence ese 





BP igtaWoncep eee 
OPP ROG AG sms 











2A 2-0, 3 
PSO! 0 0,0, 
as 220-0 Fon too 

SER Re od 






















B0-0U.SHu'9'o OO Oman ola 
ogita OSORNO REG, 
ora ~olalnesloio ca 
s spiorgroinone 

Gt e 
OLB Ngaio. 


. 
















Curr 




















Bt BDO OMe =H 
DOU RRS, 
Bsnogs, ns Le 





EN LISS. MORO. ye 
ES Bas ass A 
ES OSDAU OOo onic oe b oe Te, 
Boi Boes 


















FOROS cit 

- Nolan 
OSG Blain gn ok bie 
Sageeen yeas e eS 
wll 










Barun 
ah a 





















BPO ORO oF 





10,010, Peo 
























ROG. 0.5 2. 
Ss ASS orp he ee DOORS 
nydos semomag eee Ese Bue oiglepine ee ona 
Peo OBO emo GLO, CR Re SOO NRO 






Sue BanPennoictornio nt 
sete ae 'O'O'O'S cette 
























Eiken seg 
Somos te see BRB EES DOES, 
eae aie oR 

SHAH .y 
PEERS 


rus 5017-1 

























2 
Pele ons 











And 


















































Sy toy tg a 
Caen Sotelo as a 
Sucre Berea : 
a et pi in weirs nr a ; si 
t ri Boros nghs sr Seo ee ei 
Lwvloisowoo‘o%: ec ae 
rea ta ensets eee 
n rus fang aSasc me. Ac es is 
‘ NUP Esk te GO OoIG OD, 90%: 
BELUBUO LA Lon ero mors Bese 
age : : BORGO Mg aiaewes pele ae 





tet 1 Oo 








Fe Ont ED 10.0.0, 
" Soto = 
SOSuso BAESIONG DS 
Smoioio.08'8'9:010,0.45 
SUP oes oroioio.hingy 
nts ee eo 
OD Ooo Ohno Rae lai 
ODN A: Botte 





Astroflight Cobalt 15. 






















SCN, 
Poutan'oie, 
Ga 



































ead Satie Oe wade % 
B01, 014. 0, BS em Ouse 
rare 

Bune 
Se 


Astroflight Cobalt 40 













recesen 
tase 
Teens: 
io 
i Meco 


btn, 











ra) 
2% 






9 8.0, 
















Pras 




































: 2 et eee 0 a ns 
~ 0°98: Putotcroio‘e, gig gaouseees > Bek 
aMuMoomner Pom mee Oe OE PAPO OR OOS Ge uxt 
Strorl! g oba Sore Derg hesweReene eorbas Beecdoge sgagueeteenaas 
i Fas Boceet SIRE Rou eLy oaicls.c ae 380 Rae COR ae a eee 












Cran EEO BNF IF 940,995 



































Ciiiaancnse 
: ; 208 sh : fen AGORA oom 
Aa ‘ og PHO'OO.G.S0'0 De 
. a a SOOM OBES SAS 5 
: : 2 MOMS. Nr PPPOE TO RIP RODS 
eae OT ReRAian 0.0.5 OO DORIS OO HR OSes 
~ Sry pace OPS AMAT E "NOB Proldo D oo Meco‘ cctote 
‘ . Pear Pe an lt STA TS AMOR G, ee OS OlOmOmaidataia apis oF 





































3 a 5 293 

eae BPN OG f er 

nie RisRGieiricne uteee 2 

OSC acy popes Suse Eapevecosies or 
aie WENGVONS Aeris "POaOo'o OOD o. Oe 

' ml ooh SP eee Noy areal ca eat 














eAkaIO!O0.8.%y moin'a 
Pero oe 


OPA, 
BY OD DS, 


lass Ae LT deg at gic ebarnara 


DeWalt 18V (gearbox in high) 
Dustin Motor (36V hi speed) 
EV Warrior 



















SS 
















Goloipole ee 
Bciee a atone etn oe lea EOS, 5 
- cio Rolo. ne ors Sire papa ieer ort teas 



















eas courene 
WRU Ao'atto, 
BASED Pa ooo 8 pa 
















Gen B 
B24 





ares 











™ . 3 errata Mie 
Tincaroso:conioaane ate 
OR oo o,clomaraiatore: ‘s 




































SRS, Up voto one 
S 2Piegesto' ato'ors Ree esc B95 
i POL Pa, fo S0.so Beane 2. 255 


BPE 10.010, 9.9..00. 
roan Bar s 
Pwo oro MgG.tro: 
2°10. OO maa'g 

S 























































et 

ahaerek sie ote Sai Soh Say sinter, ; ssi 25 

ae * a . 15,05 Wawa corte x 2.039 Be 

‘s Nora aie RNa D OIaOrnKs Loo. ey SOS 

mini 50) ots ogvacenerguccectossesnerancoudnanemcass 

: . s .o.oaihsloio sen noe ee OR eMC Oa ORS, SSR BR ARO Ores sd 

= 5 : Pa s AGI ae ia Mata ot on: pat es ats BB CRE CR LR RIC Y RE OI eR OL, 

. é oe ‘ Sactoqeade Petar gles 40,0! Seo'es Mas none TEA ROSA Roo oDG Lem atin ayo naar eee ees 





























mee 





MEM OOM 'G 01010, D515! 
oN! 
































: i 
e 7 Sey ot Reo. 20s Hien eae. Agari betray 
u- x Bdasainager Bese: Brett Uediadoto‘o'om, oreo 
: 2 POORER UAE PEGA BUA ER MPaie'o'D| 
iseragodaes BED See hb2U 56 Se 
Saad: a3 peongsete ge Bee secuibonnae jyachheessseceys 
Patera WENO, MO Cr Reniterep rea te Romina: 





















Be oro DF 
BEB ODO Soo! 


oe ie, 
HOB OS Boon oIn, 
le PASwo'oro & 
Po DeDErororo v: 


m AGS a eNotes 
se satinwtoln 


) 


MagMotor 4" (C40-300) 


ttenie 


















I ui et eae eh) 
FRM ot CMOS OO Dutcto oto OO On, 
CMAs ALS. Fra rh ADT eager eo ate ter Ma ce 
BLD Gorton Sa WSMB'OO'O'D.A.0,9.8 


RS Bo otary s 


. : Sans! 
eens 4 . S'U'O. SOOT Dap d O1GA.Ce 




























he teeters aaah Caron are 
Te dae SOTO G,9,0, 2,950 

ROTOR NON GY Gaeimritaiame, 
OG DOM Sto MRO: 









ashy haetty 


RC rs 


1uQsO. 


5 
ae 
Re oe O18 





i 














laa 
Sa Sole 
Paiat 








Sah Saao'0,0,0,0 
SEU U RO get OL 0, 





SPO0,0,4 
Pgvesoosanccogs 









NPC 2423. 









2! 

12OS01 
Ba Bo 
ESO OD Ovo oio. Oe o'p nnn 
ENATNAT oe Somariaekemae 

















peaurate tes 
aoNee 
sod toes 



























pe PENH Ps 
ites e 






Demers oA 
PaO MOO Pe 
OO AO FOE 
Gio olmorgee 








BSE NE Ss 
a file OO,0, 0,050 
PPR OtO OOO, Oy 
















aa: Oks Fatal O,O,0\i¢ 
itovoloo psa cine: 
RO,HwS OE O10 ,0,0.5 3, 
PRAMAS NG iao ved, 
2 REL GTO: a 
PS a, 








QD 





cs LOLs 
aaah tata alate’ 
LOLOL MRO, OOo SOO! 
IPO OfO 0/0 OM Nca'olo-oL nim > wirieis 
Par G oo, WO dorenine el aha el 


NPC R81/R82._ 


















































nein a " Pet tid as SO OLoen 
7 Sei eens eat te Beneeadonace a Bbaas Retreats 
? BONS, 2.9.0,2,, rotated Nointoro.e: i ORD i OA Pe ODS ya 
3 i DNO'AIO. 0.89.5 cao OL p, ee SBUD Hwa gertnc naan 









HoCK te at SRC Rad 
ecg aes aby PO OO Ete'C0.2.0.9,059A. 


Loo oubicio dto.o.ng. hope 








BOSH GAS 





NPC T64 


SF S.82 PRG o.AG.0, 
SEO Oe Seca 


















ia'0'5 5 
2.2 aneyniagcatiimeees: UM LONGI 800,010.86) HOMO ROLE RUG LAC. 2, 

: m A Oro Na ae? OOD 5 4 SROGM mae, im 

BS BLO aaloro aU, o" OAS, 22s a Grater Ronn ts LOB SBSSOS 



















RO AO SiSioto OLD ss 

sgenenhasone 
28 O10 1K So" 

Solomewerg oon ee 


















Mouton OLU10.559, 
BUN LO uo tola.g olo.elins Vi 
Sea a es bey 











ce BQ, 
Sto 2, 
RAAB O Oe 

SES’ nge HOR, 
Sea Ro OLS 


ft Ha ONS0,6,0,0,0%5 
BRE 20, Bah Seah 
idler botaioito, 











Setar tet 
Sa STON 





NPC 174. 
NPC 02446. 


NPC 41250. 








BRE ME 









Pais ere 
aie pamOm One 






OMe So Bion gwen 
& Bron. coro 
GET O's'O'O, WOOO 0.0, 
“Sora b'o of6, i 




























nig ie wio.ewieOarertoine 
tock apices Natotoroy 


























Deb BO aah a RoR eee 
AM Gcts. vino O.8d Mec Sa gegen eee eS 
OOO, AON Oy '010,0-0,0, 05 iti moce 

LOD 





” pay 
plows 0-9 Oca prot 
Peis 


"O60, 0%: = 
geusenceeuseeneenss 
AP 21019. O10. ON motatoto uaracin ean 
pote fs 
SEARO TEE CAL TODO MES AS AOA, 
See Rast ean HseGe Ragga ae 














SION OAS OOO Tee ag ge AD Mul cigg.0,0, 
Pewee: PoGasecnece se sseneaee sesae ease 
& iginincigtann ol noinagtcl ra en ere aaa Nao 








































































=: nae SiVI.9.0, 
i i eas GRR ater wee he aN OR SEH 


tease 






See tNoi0,9.0)0,0; 
STaPe se reanenee an: 


“in CO, U. a Y¥ 0,0;0,0c, aan 9 2.0.0,0 mc Conc Io. Sooner 
re man maiicdatiaueer saneasisnuscronse sncauacannbascaagsuananss Searsencon? 
‘ F seeioweg CaO AS oe ion Betula. Padnaiopinmncie debe ae weg aS oe. 
SR ee ae : Oa Oaintory oo oie ee OS ene 
u van \- oF RSiteoay tee troacrtrarat ose Sernguowelers aoe ee Rl E 


ROP OLIN a or 
3 


PQS Adio .c'o oo 
PRESSE OSS. O.8e S 





BEF 9,0,9,0,0.9 9.0" 
dloinecislatoro.ncaa! 
SP OAPL'6'9'O OD rastertas 


































7 L oe , 
; foro tun teigt 190 Rosia uly D.C aghg 
ThinGa G3200-35 spupoasnsagageptoonieones 
UeSeome acne Pure bae 
‘ : Bore Sa Aa sisiotonielolet Phyo 8: 


































eee Baas il aK AE iy Pe, Baroy dati rane 
TL ? i ; a ah tote naa SESS P OY Oooo) 
« * Pere era ea RO ONC AO ORE tok OBO Rsio.sioiod ana 
sae senaeiae Mtvatgdineaiatett: LOH OPP OLR 
1 Nn a a . if SESesro:Bio: repatorotons, 3050, 030,0,9.55, Ss, 
° Dae Pas ron Datars Fe aig G,9,05050, 4 
setSingeth Ace ob : Porno. 








t: An Illustrated Guide to Building 














: Table F140 - 


Apel 


Unit Co 

















ae “aise 
Bote ied ee sau 
ToT Noe Gola ae Da 
ea enas Me omN ste 
f ne PAL OE 
Nope 





nversions 





AA BNE ANU O 3/¢,0 to 
ESO POR OU UG 0,0! 
FAN TAP DOMAIN 0,0" 



























Tee bce as os 
SACo ote a 















ee 

















































































HOR sye, PEELS 9:90:04 ‘ i 
c Os SCR Secret ak eS 
‘ cinoraestest < ERE Ex fe eros: 
2,0,0'0'9,0,p'o1u'u us ae aes agahegecee 
Beaoo eS (SQ ITNT ela R aM lO W.G.6 OO 
o'ows.0 2,019!" OE a dnoaueene Seta cio aies Sete Magee S939 
: *, s St Si ‘Ao yet Fe 
gulo'acn cola ue does ener sess ee iseods AUS aoa 
Tiowic.a o.nioiufo'a tales ut ae SSS aan SiSewetes AAS ego Se vette TRUE G'S" 
Bee Se aia a Riatein sora PRAGA TAAL S Batra 9,9.0:3°0. 9" 
Aglaia o yet ST apr > DOD CD C'S 
; Sita ese neem ays hm iat F100, 0,0 FC Coy 
4 ta aaa Pics ue Duss notaetsa ces 
1 int = 6 452 x 1 04 m+ = 6.452 coor 
AO OOOH Oe eSioretetone 
‘ an Mee ptosis doland tic CS QE > 
eae 0 Es Pha Kec uMe ees obOrUsae ie Ce as 
Seta cata ly Berane fd logge ab wid festebtegite en Ciao ee 2 B.91g'015. 3.9. 049) : 
* (oe e a 
RDO OCD' Rae 
3 0-4 OS gee wate, aro! 
_——- POOL ae {GVAors To's; NALS 
Gh I Me BGs HT NWS AS Se Ore 
SRROR abn ge Boe BBS 3a 
mera ae 

























wet, ash oe * 
Oe Be GUA ONAOS'O'G'E « 
2G. O,0,0!0'u's S10" 


Siig iE Se tae 
OKOM ood A wos rou RATION 
PESTS Soleoe 9 ct SB shen AUT LST eR 


Ramer rea ats: 




















SS 
= 0, 4 53 6 kg jolt tare Dgolad 92 9o.giino ead, eR sehen 
SHAS MORRIE S Selene ca Ran Break ani 


PAewin ION Ao se wae 


LRG GSA Ooh 
PAG EGA! 











Rew CONTE Gratin rth 
Cea trap ne 















Se Stylist ite tata t 2 
Diwwlorooete ee 
KUMUIG Oo Furauretates f 
AMT ao He Sof 





Rennnmat ie 
Ges lese se ub 






MOG S Gites 


Lie O toe OE OE Oto OF 












1in- be Teun 


* a t 3 re 
. TER by 
i 3 e oS ? * oe nae 
1.129 x 406 dj ne- cm : : cu ee ee 
ste ct e Aisat 3 Said Genta aO'Gt 
rg ee o Rate 













tet ea it i, 

















SCG Spreakeaee 
Pe ee 


1W=1J/sec = 1.341 x103H 








Soar 











Duta davies Gib CI Scie LANTOS 
Pennine olaatoe aac SORE ee Rts 





PROOF. 


EAS DA >: 
NG Polar S 





oe Jabap Sombaseaermevadun eines 


















Rigs B80 G98 84 Bre 

29 O'S RMT MY oe 
LEGO O OOOO Pay 
IPO oor uote 
BS a et ts Heres 


: 4 RPM = = Ora To 











1047 riadlsee ~ 


een San pete i 





















































th pocgeschen eens 
be june tee Megane ts rede ace of : m inet ne : cere 
Rgioroingrs x 
OR Siewert Bias sa8ibes este rey Bote Bia 
OMonigisidrgicr REI. 9 ease PR 
Mah Adora mC E hes Bo'e'oe & chs 
etter iptaiet bea Ue aah me hr seh85 Sh KS Us 








Oe ana e Ao Go'oR 


Saree HB a agonusaes 


FABRA G LOORAS Os 
Gee ages hers 
Base ee 


fs € 
bei gape Cary 


bar= = 6895 Pas 


ace 





ex 
Sauer 


1 Pal E 895 x 102 


ay 
pecs 








fund 5 oe 









































te Perens terete tie : SORE GARE AAS Ses 
ee Oo 4 x ESR Ee pees AOS, 
, es 
~ Soo! 
13/m cal/mo TRE 2 
“ ak Bic eaciaticald enti eek PR Seah 
i NOL RETR ence tert HA RgET LETT peat . 
Me re 
Ss : 
; : 
. , 
. ‘ 
\ . ; 
i . 
a 





Appendix F — Tables and Charts 


(BUS 


reas 


| Sample Tool: Checklist f ae sree a 


Nigsaw wth spare nije : 
eee 


+ ae a SL Sait ee 


oe ales 


Screwdrivers (assorted flat Pee oe 
_ head and Phillips) ee i 
EL EGE Pee Gee oe ee nates ee eae einer 

‘ ce : oe ‘Di 
. Foie aa ae vig! 1m ti 
Pee Papen ee nace awa Ti = 


ae 
atta 


| Adjustable (crescent) 


ce ae ee 


Aarinstatve : 


ruleboo i 
aot oo a ee e : 
oe a 





i 


Index 


Symbols & Numbers 

1045 chrome-plated steel shafts, live axles, 174 
1018 steel, 47 

4130 steel, 47 


A 
abrasive belt cleaner, 40, 85 
abrasive cutoff saws, 77-78 
abrasive waterjet cutting, 42 
abrasives, cleaning, 85 
absolute scale, psi, 424 
absorbed glass mat (AGM) batteries, 182 
accumulators (pneumatics), 438-439 
acetone, 40, 55 
Ackerman steering, 233 
acrylic, compared to Lexan, 49 
adjustable wrenches, 26 
AGM (absorbed glass mat) batteries, 282 
air compressors, 37 
air pilots (pneumatic valves), 456 
_ air pressure gauge (pneumatic air tanks), 432 
air tanks (pneumatics) 
alternative types, 435 
CO,, 432-434 
components, 432 
damaged, 437 
HPA/N,, 434-435 
overview, 429 
size, calculating, 430-432 
tank certification, 436 
Allen wrenches, 24 
alloy numbers, 45 
aluminum — 
armor plates, cutting with circular saw, 96-97 
introduction, 46 
aluminum oxide grinding stone, 89 
AME D-Pack motor, 155 
American Airless tires, 230 
American Society of Mechanical Engineers (ASME), 
pneumatic valve safety and, 446 
American Standard for Unified Screw Threads, 132 
American Standard Pipe Thread, 439 
amp-hour ratings, 278 
amplifiers (servos), 352-353 
Anderson Multipole connector, 310-312 
Anderson Multipole disconnect, 309-310 
Anderson Powerpole connector, 312-313 
Andrus Engineering motors, 157 


Andrus Engineering wheels, 231-232 
angle finders, 29 
angle grinder, 90-91 
angled holes, 116-117 
annealed metal, 45 
ANSI, roller chain and sprockets, 191 
arbor press, keys and keyways, 173-174 
arm design 
clamper weapons, 351 
hammer weapons, 355 
launcher weapons, 357 
lifter weapons, 348-349 
armor 
cutting metal plates, 96-100 
design considerations, 15 
plate stock, clamping for drilling, 112 
polycarbonate plates, cutting, 100-101 
project robot, 17-18 
secondary, 10 
troubleshooting weight problems, 369-371 
weight budget, 43 
weight calculations, 8 
ASME (American Society of Mechanical Engineers), 
pneumatic valve safety and, 446 | 
assembly, project robot 
cutting axles, 186 
deburring side plates, 182-183 
drive components, 186-187 
installing side panels, 183-184 
overview, 181-182 
soldering leads to motors, 184-185 
AstroFlight Cobalt motor, 148-149 


- AstroFlight Zero-Loss connector, 313-314 


automatic center punches 

described, 32. 

drilling procedures and, 108 
oversized holes, fixing with, 119 
axles 

compared to shafts, 172 

cutting for assembly, 186 

live axles, materials for, 174 

live compared to fixed, 172-173 

overview, 172 _ 

selecting, 174 

- size to weight ratios, 175 

sprockets, mounting to, 193-197 

type, wheel selection and, 226 
Azusa Engineering, 234 


B 

ball bearings, 167-169 

ball transfers, 176-177 

ball-peen hammers, 33 

bandsaws 
horizontal bandsaws, 70-72 
overview, 67 
safety and usage, 68-69 
selecting, 68 
setup tips, 69-70 

banjo valves, 442-443 _ 

bar clamps, 27 

Bar (psi measurement), 424 

bar spinner weapons, 358-359 

bar stock, clamping for drilling, 112 

batteries 
amp-hour ratings, 278 
capacity, calculating, 278-279 
care and maintenance, 289 
changing, design considerations, 294 
chargers, 286 
charging, 280 - 

NiMH packs, 291 
comparison of, 284-285, 291~292 
cordless tool packs, 287-288 

_ current, 144 
custom packs, 288 

creating, 289 
de-rating, 278-279 
DeWalt, 288 
lightweight competitions, 292 
Lithium Ion, 291 
NiCad, 286-287 
NiMH, 290-291 
power requirements, 275-276 
project robot, 18 
protecting, 10 
R/C racing packs, 287 
safety, 292-293 
securing, 293-294 
SLA (sealed lead acid), 281-282 
transporting, 283 
troubleshooting weight problems, 371-372 
voltage increasing 

combination connections, 281 

parallel connections, 280 

series connections, 279-280 
weight budget, 43 
weight calculations, 8 

battery cable, 305 
battery terminals, 315 
BattleBots, 2 





bearings 
linear, 170 
mounted, 169 
mounting, standard ball bearings, 168 
_ overview, 167-168 
pillow blocks, 169-170 
precision holes, drilling, 114 
press-fitting, 170-172 
retaining compounds, 40 
- §pinner weapons, 360 
belly (files), 79 
belt sanders, 91-92 
bench grinders, 94 
bench vises, 28 
bicycle chain, compared to roller chain, 190 
bidirectional limit switches, weapon systems and, 349-350 
binding, taps, 122-123 
blades 
bandsaws, 68 
circular saws, 72 
cutting metal, 58-59 
hacksaws, installing and using, 60 
jigsaws, 62 
miter saws, 75 
reciprocating saws, 66 
bolt cutters, screws, shortening, 136 
bolts 
breaking, 138 
utility of compared to screws, 131 
bonded wheels . | 
compared to standard wheels, 221 
overview, 230-232 
bore size 
bearings, 167 
sockets, 192 
boring heads (drills) 
described, 114 
press-fit bearings and, 170-171 
Bosch GPA motor, 149 
bottom-head cap screws, 130-131 
bottoming taps, 120 
brass, 52 
breakers, 197-199 
Briggs & Stratton Etek motor, 150 
broaches, keys and keyways, 173-174 
brushless motors, 144 
building robots. See construction 
burst disk (pneumatic air tanks), 432 
bushings, keyless, mounting sprockets, 195-196 


CAD design 
. drilling templates, 107 
internal component layout, 14 


calculations 
battery amp-hour ratings, 278 - 
battery de-rating, 278-279 
C,, 447-449 
electrical current requirements, 276-278 
part weights, 44 
pneumatic air tank size, 430-432 
pneumatic cylinder force, 427 
roller chain slack, 210 
weight, system components, 8 
weight distributions (components), 43 
calipers, 30 
cantilever clamps, 27 
capturing bearings, 168 
car batteries, 182 
carbide drill bits, 118 
carbon dioxide 
air tanks for, 432-434 
pneumatics and, 425 
regulators, 437 
tank filling procedures, 459 
casters | 
ball transfers, 176-177 
described, 230 
fixed casters, 176 
swivel, 175-176 
C-clamps, 27 
center of gravity, 9 
center punches 
described, 32 
drilling procedures and, 108 
oversized holes, fixing with, 119 
chain and sprocket drives. See roller chain drives 
chain breakers, 197-199 
stuck pin links and, 217 
chain tension (roller chain drives), 209-211 
chamfering drilled holes, 125 _ 
chargers (batteries) | 
battery maintenance and, 289 
described, 286 
check valves (pneumatic air tanks), 432, 435 
installation considerations, 436 
chemicals, 39-40 
chop saws, 74-77 
chuck keys, 107 
circular saw, armor plates, cutting, 96-97 
circular saws 
blades, 59 
overview, 72-74 
citrus-based solvents, 40 
clamper weapons 
arm design, 351 
driving, 352 





Index “C 


overview, 350 

weight distribution, 351 
clamping stock for drilling, 111-114 
clamping stock for tapping holes, 122 
clamps 

hose clamps, 177-178 

overview, 27-28 
cleaning 

drill press tables, 109 

files, 82 

safety glasses, 22 

screws for threadlockers, 137 

stationary sanders, 85 
cleanup tools, 37 
clearance hole drill, 120 
clips. See retaining rings 
clothing, power tool safety and, 56-58 
CNC (computer numerical control) machines, 42 
CO, : ; : 

air tanks for, 432-434 

fill stations, 456-457 

fittings for, 440 

pneumatics and, 425 

regulators, 437 

tank filling procedures, 459 
coarseness (files), 80 
Cole M284, 309 
collars, 178 
collets and broaches, 173-174 
combination center drill bits 

described, 104 

drilling round stock, 113-114 
combination connections (batteries), 281 
combination pliers, 26-27 
combination square, 29 
combination wrenches, 24—25 
competitions 

arena environment, 387 

checklists, 380-382 

‘cost, 2 

HPA/N, pressures ratings, 425 

inspections, pneumatic systems, 426 

lightweight, batteries, 292 

locating, 2, 379 

machine tools, access to, 386 

notes and documentation, 392 

other competitors, talking to, 385-386 

paperwork, 380 

planning strategy, 390 | 

pneumatics, access to, 386 

prefight checklist, 388-389 

preparing robot, 380 | 
Continued 


_ competitions (continued) __ 
_ safety inspections/weigh-in, 383-384 
schedule considerations, 385 
selecting, 1-2,8 
setting up at, 382-383 
sportsmanship, 387 
superheavyweight, batteries, 292 
transmitter impound, 384 
compression fittings (pneumatics), 442 
compression springs, 181 
computer numerical control machines, 42 
computer-aided design. See CAD design 
connections 

insulating, wiring procedures, 319 

mechanical, wiring procedures, 317 
connectors. See also fittings 

Anderson Multipole, 310-312 

Anderson Powerpole, 312-313 

AstroF light Zero-Loss, 313-314 

battery terminals, 315 

Deans Ultra Plugs, 314 

low power crimping, 315-316 
construction 

cost considerations, 4 

documentation considerations, 5 

gearboxes, 161 

measuring and marking, 53-56 

metal cutting, tools to use, 59 

ordering parts, 5 

pictures and, 6 

project robot 

-assembly, 181-187 
overview, 15 

safety and, 21-23 

time considerations, 3 

to-do lists, 5-6 

weight considerations, 4-5 
control system 

IF Irobotics system, 245-249 

overview, 237 

radio, selecting, 242-245 

radio signal, 238-240 

mixing, 240-242 

R/C, 237-238 

testing, 329-330 
Coolrobots switch, 307-308 
copper, pneumatic tubing recommendations, 443-444 
cordless drills 

angled holes, 116-117 

described, 38 

drilling depth, controlling, 115 

true holes and, 109-110 





cordless tool battery packs, 287~288 
core (wheels), materials, 224 
cost 
automatic center punches, 108 
bandsaw blades, 68 
carbide drill bits, 63 
circular saws, 72 
competitions, 2 
control system radio, 242-245 
disc sanders, 84 
drive motors, 147 
jigsaw blades, 62 
keyless bushings, 197 
miter saws, 74-75 
motor selection and, 166 
pneumatic air tank certification, 436 
project robot, 16 
R/C racing battery packs, 287 
regulators, 437-438 
robot construction, 4 
SCBA tanks, 435 
servos, 352 
speed controls, 258 
cotter pins, roller chains, 206-207 
counterbores (drill bits), 104 
countersinks a, 
chamfering drilled holes, 125 
described, 31 | 
countersinks (drill bits), 104 
couplers, 180 
cresent wrenches, 26 
crimp terminals, 314-316 
crimpers 
described, 35 
screws, shortening, 136 
cross sections, files, 80 
crusher weapons, 353-354 
current, 144 
custom battery packs, 288-289 
cut (file blades), 80 
cutoff disc, 89 
cutoff saws, 77-78 
cutting metal 
abrasive cutoff saws, 77-78 
armor plates, 96—100 
axle steel, 174 
bandsaws, 67-70 
blades for, 58-59 
circular saws, 72-74 
hacksaws, 59-60 
horizontal bandsaws, 70-72 
jigsaws, 60-66 


marking techniques, 54-56 
miter (chop) saws, 74-77 
reciprocating saws, 66 
titanium, 63 
tools to use, 59 
cutting weapons, 367 
C, calculations, 447-449 
cylinders (pneumatics), 426-429 
cylindrical sandwich mounts, 139-140 


D 
DC motors, overview, 142-144 
Deans Ultra Plugs, 314 
deans wire, 305 
deburring, side plates for assembly, 182-183 
deburring tools, 92-94 
deburring wheel, 93-94 _ 
Delrin blocks (roller chain drives), 213 
de-rating batteries, 278-279 
design considerations 
armor, 15 
center of gravity, 9 
changing batteries, 294 
component accessibility, 11 
ease of maintenance, 11 
flipping over and, 9 
frame, 14-15 is 
frame size, 10 
internal component layout, 13-14 
modifications, 8~9 
parts selection, 13 
physical shock, protecting from, 11 
project robot, 17 
roller chain tensioners, 214 
simplicity, 8 
weapons, 12 
weight distribution, 9 
weight issues, 7-8 
wheel placement, 109 
desoldering tool, 35 
DeWalt drill motor, 150-151 
DeWalt standard batteries, 288 
diameters, sprockets, 192-193 
dieseling (pneumatics), 424 
digital modeling, internal component layout, 14 
digital multimeters, 36 
disc sanders, 83-85 
disc spinner weapons, 358-359 
documentation 
construction diagrams and notes, 5 
pictures and, 6 
pneumatic systems, 426 
to-do lists, 5-6 
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DOT standards, transporting batteries, 283 
double wedge weapons, compared to single, 346 
double-acting cylinders (pneumatics), compared to single- 
acting, 428 

double-cut (file blades), 80 
double-solenoid pilot (pneumatic valves), 455 
Dremel tool 

broken taps, removing, 123 

described, 88 

screw holes, not lined up, fixing, 134 

screws, shortening, 135 ° | 
drill bits | 

boring heads, 114 

combination center drills, 104 

countersinks/counterbores, 104 

described, 30 

drilling titanium, 63 

reamers, 104 

selecting, 103 

twist drills, 103 

Uni-bits, 104 


drill press 


angled holes, 116 
cleaning table, 109 
described, 38 
drilling depth, controlling, 115 
operation, 106-107 
safety, 106-107 
setup, 109 
taps and, 121 
drill press vises 
described, 111 
parallels, 112 
drill rod, live axles, 174 
drilling. See also cordless drills; drill press 
clamping down parts, 111-114 
fixing mistakes, 118-119 
hardened metals, 118 
large-diameter holes, 114-115 
marking and punching, 107-108 
multiple holes, 115-116 
plastic, lubricants, 106 
precision holes, 114 
project robot, 123-127 
titanium, 63, 118 
true holes 
cordless drills, 109-110 
importance of, 105 
procedure, 106 
drilling and tapping tools 
fluids for cooling metal, 39 


overview, 30-32 
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drill-press vises, 28 
drills 
chuck key, 107 
described, 38 
tapping holes, 120 
drive systems. See a/so motors 
Ackerman steering, 233 
assembly, 186-187 
gear ratios, 160-161 
project robot, 18 
torque, skid-steer compared to ane systems, 160 
track drive, 233 
troubleshooting problems, 372-374 
walking, 233 
wedge weapons and, 345 
weight budget, 43 
weight calculations, 8 
wheel diameter and, 161-162 
wheel selection and, 225~227 
driving 
clamper weapons, 352 
hammer weapons, 355-356 
launcher weapons, 357 
lifter weapons, 349 
practice tips, 332-335 
spinner weapons, 363 
thwack weapons, 367 
wedge weapons and, 346 
drum sanders, 89 
drum spinner weapons, 359 
dual three-way valves (pneumatics), 452 
dual two-way valves (pneumatics), 450-451 
Dustin motor, 157-158 
Dykem layout fluid 
described, 39 
marking for drilling, 107 
metal marking, 54 


E 

ear protection 
circular saws and, 72 
power tool safety and, 56 

earmuffs, 22 

earplugs, 22 _ 

E-clips, 179 | 

electrical current requirements calculations 
battery capacity, 278-279 
load profile method, 276~277 
weapons, 278 

electrical systems 
batteries, power requirements, 275-276. 





project robot, 18 
installing speed controls, 270-273 
mounting components, 267-270 
protecting, 10 
receiver, installing, 300 
secondary power switch, 299-300 
switch brackets, 296-297 
troubleshooting problems, 376-378 
weight budget, 43 
weight calculations, 8 
wiring power LEDs, 294-296. 
electrical tape 
described, 319 
liquid, 40 © 
electrical tools, 35-37 
electrolyte (batteries), 182-1 83 
elevon 
tank-turn steering with, 397-400 
tank-turn steering without, 400-403 
elongation (metal), 45 
EPA (end-point adjust), controlling servos, 395-396 
E-type retaining rings, 179 
EV Warrior motor, 151-152 
example. See project robot 
exposed wheels, advantages and disadvantages, 175 
extension springs, 181 
external retaining rings, 179 
eye protection 
face shields, 22 
goggles, 22 
power tool safety and, 56 
safety glasses, 21 
weapons, testing, 343 


F 
face shields, 22 
failsafe precautions, 330-331 
fasteners. See also bolts; screws 
types to avoid, 141 
welding, 142 
felt-tip markers, usefulness of, 28 
files 
cleaning, 82 
described, 33 
filing technique, 82 
seating the handle, 81 
types of, 79-80 
fill nipple (pneumatic air tanks), 432, 435. 
fill systems (pneumatics), 456-458 
finished bore sprockets, compared to plain bore, 191 
fire : 
sanding and, 84 
titanium and, 63 





fire extinguisher tanks, 435 
fittings 
CO, systems, 440 
| HPA/N,, 440-441 
installing, 444 
fixed axles 
compared to live, 172-1 73 
sprockets, 197 
fixed casters, 176 
flanged ball bearings, mounting, 169 
flathead screwdrivers, 23-24 
flat-head screws, 130 
flexible fasteners 
cylindrical sandwich mounts, 139-140 
rubber-insulated rivet nuts, 140 
Velcro, 140 
flexible spider couplers, 180 
flipping over, designing for, 9 
flooded electrolyte batteries, 182-183 
flush cutters, 35 
four-way valves (pneumatics), 452-455 
four-wheel drive, wheel selection and, 225 
frame 
designing, 14-15 
size considerations, 10 
types, 15 
weight budget, 43 
frames, aluminum, 46 
framing squares, 29 
fuel, internal combustion engines, 364 
full-body spinner weapons, 358 


G 


gas types (pneumatics), 425 
gauge scale, psi, 424 
gear ratios 
overview, 160-161 
sprockets, 192 
gearboxes, 147, 161 
gel cells (batteries), 283 
Genesis batteries, 285 
gloves, 22 
goggles, 22 
Gokartsupply.com, 234 
Grade 5 titanium, 50 
grit (sanders), grades, 84 
grommets, 319 
gyros, spinner weapons and, 362 


H 
3003-H14 Eee 46 
hacksaws 
described, 33, 59-60 
screws, shortening, 136 
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hammer weapons, 354-356 
hand-held deburring tool, 92-93 
handles, seating (files), 81 
handtools 

ball-peen hammers, 33 

clamps, 27-28 

drilling and tapping, 30-32 

electrical tools, 35-37 

files, 33 

types of, 79-80 

hacksaws, 33 

measuring tools, 28-30 

pliers, 26-27 

scales, 34 

screwdrivers, 23-24 

wrenches, 24—26 
hardened metals, drilling, 118 
hardening metal, 45 
Hawker Energy Products batteries, 285 
heads (thwack weapons), 366 
heat, wiring and, 304 
heat guns, 36 
heat shrink, 319 
heat-treating, 45, 48 7 
heavy duty main power switches, 310 
Hella switch, 306-307 
high-pressure air/nitrogen, pneumatics and, 425 
high-pressure connectors, 440-441 
hinges, 181 
hobby-grade a a ares 266 
hole saws : 

described, 31 

large diameter holes and, 115 
holes 

cleaning when fixing, 134 

cutting, jigsaw technique, 65 

drilling true holes, 105-106 

lining up, 122 

not lined up, fixing, 133-134 

oversize, fixing, 119 

precision, drilling, 114 
horizontal bandsaws, 70~72 
horizontal bar and disc spinner weapons 358-359 
horsepower, 159 é 
hose clamps 

overview, 177-178 

securing batteries, 293 
hoses, high pressure recommendations, 441 
HPA/N, 

air eet for, 434-435 

fill stations, 457-458. 

fittings for, 440-441 © 

pneumatics and, 425 
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HPA/N, (continued) 
regulators, 438 
tank filling procedures, 460 . 
hubs (wheels), materials, 224 
hydraulics, 354 
hydrostatic testing, pneumatic tank certification, 436 


ICEs (internal combustion engines), 363-364 
idlers (roller chain drives), 213 
IF Irobotics system 
debug program, 417 
download program, 417 
limit switches, 349 
operator interface inputs, 406 
operator interface outputs, 408 
overview, 245-249, 405 
_ points of failure, 418-419 
 - programming 
overview, 408 
program components, 409-414 
program examples, 414-416 
program flow, 408 
robot controller inputs, 406 
robot controller outputs, 407 
speed controls, 261-262 
tether (DB9 cable), 417-418 
troubleshooting, 419-422 
inspections, pneumatic systems, 426 
insulating connections, wiring procedures, 319 
internal combustion engines, spinner weapons, 363-364 


internal component layout, design considerations, 13-14 


Interstate batteries, 285 

invertable wedge weapons, compared to noninvertable, 345 
isopropyl alcohol, 40 

Izod Impact Strength, 49-50 


J 


jaw design (crusher weapons), 353-354 
jigsaws 

alternative to drilling, 115 

armor plates, cutting, 98-99 

blades, 62 

described, 38 

overview, 60-61 

safety, 62 

selecting, 62 

setup tips, 64-66 
K 
Kant-Iwist clamps, 28 
kerf (saws), compensating for, 56 
keyless bushing, mounting sprockets, 195-196 





keys and keyways 
mounting sprockets, 194-195 
overview, 173-174 


L 
labels, wiring procedures, 320 
large-diameter holes, drilling, 114-115 
lathes, 40-41 
launcher weapons, 356-357 
Law of Good, Fast, Cheap, 4 
leaks (pneumatics), repairing, 445 
LEDs 

wiring, 294-296 

wiring procedures, 318 
Lexan 

overview, 48-50 

threadlockers and, 137 
lifter weapons, 348-349 
lightweight competitions, batteries, 292 
limit switches, weapon systems and, 349~350 
linear bearings, 170 
lines, marking for cutting, 55 
link plates (roller chains), removing, 200-201 
liquid electrical tape, 40, 319 
Lithium Ion batteries, 291 
live axles, 172-174 
load profile method (electrical current requirements), 

276-277 

Loctite, 40, 137 
low-pressure fittings, 441-442 
lubrication 

bandsaws, 68 

‘drill press safety, 106 

hacksaw cutting, 60 

jigsaw cutting, 62 

metal cutting safety and, 57 

miter saws, 75 

plastic, drilling, 106 

shortening screws, 136 

tapping holes, 121 


M 

3M Spray 77, 39 

machine tool wire, 305 

machine tools 
access to at competitions, 386 
overview, 40-42 

machining, 46-48 

machinist square, 29 

MagMotors, 152-153 

main power switches 
Anderson Multipole disconnect, 309-310 
Cole M284, 309 





connectors 
Anderson Multipole, 310-312 
Anderson Powerpole, 312-313 
AstroF light Zero-Loss, 313-314 
Deans Ultra Plugs, 314 
Coolrobots switch, 307-308 
heavy duty switches, 310 
Hella switch, 306-307 
overview, 306 
West Marine Mini Battery Switch, 307 
Whyachi MS1, 308-309 
maintenance 
batteries, 289 
designing for, 11 
maps, wiring procedures, 321 
marking and punching (drilling), 107-108 
marking materials, measuring and marking techniques, 
53-56 
master links (roller chains), adding, 201-205 
materials 
acrylic, compared to Lexan, 49 
aluminum, 46 
brass, 52 
Izod Impact Strength, 49-50 
list of popular, 44-45 | 
live axles, 174 
measuring and marking techniques, 53-56 
metal, purchasing, 45 
neoprene, 51 
polycarbonate (Lexan), 48-50 
sprockets, 193 
steel, 47-48 
tensioner blocks, 214 
tires, 222 
titanium, 50-51 
wheels, 223-224 
wood, 51 
measuring 
measuring and marking techniques, 53-56 
psi, 424 
measuring tools, 28-30 
mechanical connections, wiring procedures, 317 
mechanic’s gloves, 22 
metal 
aluminum, 46 
annealing, 45 
cutting 
abrasive cutoff saws, 77-78 
bandsaws, 67-70 
blades for, 58-59 
circular saws, 72—74 
hacksaws, 59-60 
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horizontal bandsaws, 70-72 
jigsaws, 60-66 
miter (chop) saws, 74-77 
reciprocating saws, 66 
titanium, 63 
tools to use, 59 
hardened, drilling, 118 
marking techniques, 54 
steel, 47-48 
titanium, 50-51 
micrometers, 30 
miter gauge (bandsaws), 69 
miter saws 
blades, 59 
overview, 74 
polycarbonate armor plates, cutting, 100-101 
safety and usage, 75 . 
selecting, 74~75 
setup, 76-77 
mockups, methods for producing, 14 
motion restraints (weapon safety), 344 
motors Bie 
AME D-Pack, 155 
Andrus Engineering, 157 
AstroF light Cobalt, 148-149 
Bosch GPA, 149 
Briggs & Stratton Etek, 150 
DC, overview, 143-144 
DeWalt drill motor, 150-151 
Dustin motor, 157-158 
EV Warrior, 151-152 
expense, 147 
gearboxes, 147 
MagMotors, 152-153 
model comparison, 144-146 
mounting options, 147 
no-load RPM, 147 
NPC 1200, 156 
NPC 2212, 153 
NPC Black Max, 155-156 
NPC R81/R82, 153 
NPC T64 and T74, 154 
output axles, supporting, 168 
overview, 143 
overvolting, 276 
peak power, 147 
project robot, 18 
selecting, 163-166 
servos, 352 
soldering leads to, 184~185 
' speed compared to torque, 159-160 
_ Continued 


motors (continued) : 
sprockets, mounting to, 193-197 
stall-torque, 146 
Sullivan starter, 154-155 
Team Whyachi T-Box, 157-158 
ThinGap gearbox, 158-159 
voltage ratings, 146 
weight, 147 
mounted bearings, 169 
mounting 
flanged ball bearings, 169 
motors, 147 
pneumatic cylinders, 428 
sprockets, 193-197 
standard ball bearings, 168 
movement, calculating power requirements for, 276 
multimeters, 36 
multistrand wire, 305 


N : : 
National Pipe Thread (NPT) standard, 439 
needle nose pliers, 26-27 © 

neoprene, 51 

NiCad batteries, 286-287 

nickel metal hydride batteries, 290-291 
NiMH batteries, 290-291 _ 

no-load RPM (motors), 147 

noninvertable wedge weapons, compared to invertable, 345 
nonproportional speed controls, 266 

NPC 1200, 156 

NPC 2212 motor, 153 

NPC Black Max motor, 155-156 

NPC flat-proof, 229 

NPC R81/R82 motor, 153 

NPC T64 and T74 motors, 154 

NPT (National Pipe Thread) standard, 439 
nut inserts, 141 
nuts, rubber-insulated rivet nuts, 140 


O 
Odyssey batteries, 285 
offset links (roller chains), adding, 205-209 
one-piece clamp-on collars, 178 
online resources, 461-467 
open bearings, 168 
Open Source Motor Controllers, 265 
ordering parts, 5 
output axles (motors), supporting, 168 
outside diameter (sprockets), 192-193 
overhung loads, 175 
oversize holes 
compensating, press-fit bearings, 171 
fixing, 119 





oversize shafts, fitting into bearings, 167 
overvolting motors, 276 


P 
parallel connections, increasing battery voltage, 280 
parallels (drill press vises), 112 
parts 
ordering, 5 
selection criteria, 13 
weight, calculating, 44 
peak power (motors), 147 
Philips screwdrivers, 23-24 
piano hinges, 181 
pictures, documentation and, 6 
pillow blocks, 169-170 
pilot holes (drilling), 114 
pilots (pneumatic valves), 455-456 
pin links, stuck pins, removing, 217 
pinning shafts to sprockets, 194 
pipe threading and sizes, 439 
pipe-thread sealant 
described, 40. 
installing tubing and fittings, 444 
pitch diameter (sprockets), 193 
plain bore sprockets, compared to finished bore, 191 
plastic 
drilling, lubricants, 106 
Lexan, 48-50 
pliers, 26-27 
pneumatics 3 
access to at competitions, 386 
accumulators, 438-439 
air tanks 
alternative types, 435 
CO,, 432-434 
components, 432 
damaged, 437 
HPA/N,, 434-435 
overview, 429 | 
size, calculating, 430-432 
tank certification, 436 
cylinders 
force calculation, 427 
manufacturers, 428-429 
mounting options, 428 
overview, 426—427 
single-acting compared to double-acting, 428 
fill systems, 456-458 
fittings 
CO,, 440 
installing, 444 
gas types, 425 


hammer weapons, 355 _ 





high-pressure fittings and hoses, 440-441 
inspections, 426 
leaks, repairing, 445 
low-pressure fittings, 441-442 
pipe threading and sizes, 439 
psi (pounds per square inch), 424 
quick-connect tubing, 443-444 
regulators, 437-438 
safety considerations, 423-424 
safety equipment, 445-446 
servo switches and, 356 
speed controls, 442-443 
system diagram, 426 
tank filling procedures, 459-460 
tubing, installing, 444 
valves 
C, calculations, 447-449 
overview, 447 
ports and ways, 449-455 
point (files), 79 
polarity, wiring procedures, 317 
polycarbonate (Lexan) 
armor plates, cutting, 100-101 
overview, 48-50 
pop safety valves (pneumatics), 445-446: 
portable sanders, 88-92 
ports and ways (pneumatic valves) 
four-way valves, 452-455 
overview, 449-450 
_ three-way valves, 451—452 
two-way valves, 450-451 
power curves (motors), 163-164 
power leads, wiring procedures, 317 
power LEDs, wiring, 294-296 
power requirements, 275-276 
power switches 
installation, 321-326 
main, 306-310 
project robot, 18 
power tools 
overview, 38-39 
safety, 56-58 
PowerSonic batteries, 285 
precision holes, drilling, 114 
prekeyed shafts, live axles, 174 
press-fit bearings, 170-172 
pressure gauges (pneumatics), 445 
project robot 
armor, 17-18 
cutting metal plates, 96-100 
assembly 
cutting axles, 186 
deburring side plates, 182-183 
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drive components, 186-187 
installing side panels, 183-184 
overview, 181-182 
soldering leads to motors, 184-185 
cost, 16 
design, overview, 17 
drilling and tapping holes 
bottom panels, 123~124 
overview, 123 | 
side panels, 125-127 
drive system, 18 
electrical system, 18 
switch brackets, 298 
electrical systems, 267~273 
overview, 15 
power switch installation, 321-326 
roller chain drives, 214-219 
testing, 336-342 
time requirements, 16 
wiring electrical components, 294-300 
protected wheels, advantages and disadvantages, 17 
protractors, 29 
psi (pounds per square inch), overview, 424 
punching (drilling) 
fixing mistakes, 118-119 
lining up punch, 124 
overview, 107-108 
purge valves (pneumatic air tanks), 435, 446 
pusher weapons, 347-348 
PWM values compared to output pulses (IF Irobotics 
system), 407 
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4QD speed controls, 263-265 
quick-connect fittings, 441-442 
quick-connect tubing, 443-444 


R 


radial bearings, mounting, 168 
radio control systems, project robot, 18 
ram weapons, 346-347 
rams. See cylinders (pneumatics) 
range, testing, 331 
R/C control system, 237-242 
R/C racing packs (batteries), 287 
reamers 

described, 104 

precision holes, 114 
receiver, installing, 300 
receiver power, wiring procedures, 318 
reciprocating saws, 66 
regulators (pneumatics), 437-438 
relief valves (pneumatics), 445-446 


retaining compounds, 40 ... 
retaining rings, types, 179 
RFL (Robot Fighting League), 2 
rim (wheels), materials, 224 
rivet nuts, 141 
rivets, 141 
Robot Fighting League (RF L),2 
Robot Wars, 2 
Roboteq AX2500 speed controls, 266 
Robotic Sporting Goods, speed controls, 265 
Robotica, 2 
roller chain drives 
ANSI numbers, 191 
chain tension, 209-211 
described, 173 
master links, adding, 210-205 
offset links, adding, 205-209 
project robot, 18 
sizing chain, 216 
spacer plates, creating, 218-219 
_ tensioners, creating, 214-215 
roller chains, 189 
breaking, 197-201 
usefulness of, 190 
stuck pins, removing, 217 
tensioners, installing, 211-213 
rotational inertia (spinner weapons), 358 
round stock, clamping for drilling, 113-114 
RPM (revolutions per minute) 
defined, 143 
off-the-shelf motors, 159 
rubber-insulated rivet nuts, 140 
rules (tape measures and steel rules), 28 


S 


saber saws. See jigsaws . 
safety 
angle grinder, 91 
bandsaws, 68-69 
batteries, 292-293 
belt sanders, 92 
circular saws, 72-73 
_ deburring wheel, 93-94 
drill press, 106-107 
jigsaws,62 
miter saws, 75 
overview, 21-23 
pneumatics, 423-424 
safety equipment, 445-446 
unregulated CO,, 429 
power tools, 56-58 
rotary sander tools, 88 





spindle sanders, 86-87 
stationary sanders, 84-85 
testing, 327 
titanium, fire hazard and, 63 
weapons 
eye protection, 343 
motion restraints, 344 
overview, 343 
safety covers, 344 
safety glasses, 21 
sanders 
portable, 87-92 
spindle, 85-87 
stationary, 83-85 
saws 
bandsaws, 67-70 
circular, 72-74 
hacksaws, 59-60 
horizontal bandsaws, 70-72 
jigsaws, 60-66 
marking cutting lines and, 56 
miter (chop), 74-77 
reciprocating, 66 
scales, 34 
screwdrivers, 23-24 
screws 
fixing not lined up holes, 133-134 
Loctite and, 137 
self-drilling, 141 
sheet-metal, 141 
shortening 
Dremel tool and, 135 
overview, 134-135 
sizes and tapping holes, 120 
sizes and threads, 132 
starting, 133 
types, 129-131 
utility of compared to bolts, 131 
scuba tanks, 435 © 
sealed bearings, 168 
sealed lead acid (SLA) batteries, 281-282 
secondary armor, 10 
secondary power switch, 299-300 
self-drilling screws, 141 
series connections, increasing battery voltage, 279-280 
SeIVOS 
controlling with EPA, 395-396 
creating for weapon systems, 352 
internal combustion engines, 364 
pneumatics and, 356 
setscrews, mounting sprockets, 194 


setup 
bandsaws, 69-70 
circular saws, 73 
drill presses, 109 
jigsaw cutting, 64-66 
miter saws, 76-77 
power tool safety and, 56-57 
shafts 
collars, 178 
compared to axles, 172 
couplers, 180 
oversize, fitting into bearings, 167 
sprockets, mounting to, 194 
- ghear loads (bolts), 138 
sheet-metal screws, 141 
shielded bearings, 168 
shim stock . 
press-fit bearings and, 171 
usefulness of, 52 
shock (physical) 
compression fittings (pneumatics), 442 
neoprene, 51 
protecting from, 11 
roller chain tension and, 210 
Shore-A scale, 51 
_ Shortening screws, 134-136 
shoulder screws, 130-131 
side plates (roller chain), adding, 203 
signal leads, wiring procedures, 317 
silicone-jacketed wire, 305 
single piece shaft collars, 178 
single three-way valves (pneumatics), 451-451 
single wedge weapons, compared to double, 346 
single-acting cylinders (pneumatics), compared to 
double-acting, 428 
single-cut (file blades), 80 
single-solenoid pilot (pneumatic valves), 455 
siphon tubes (pneumatic air tanks), 435 
skid-steer drive systems, torque and, 160 
SLA (sealed lead acid) batteries, 281-282 
slack (roller chain drives), correct amount of, 210 
slip-joint pliers, 26-27 
snap rings, 179 
socket wrenches, 25 
socket-head screws, 129-130 
software, metal fabrication, 16 
soldering iron 
described, 35 
soldering leads to motors, 184-185 
solenoid pilots (pneumatic valves), 455-456 
solenoids, spinner weapons and, 362. . 
solid core wire, 305 
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solvents, 40 

speed controls 
creating, 267 
hobby-grade, 266 
1Flrobotics, 261-262 
importance of, 255 
location, 256 
nonproportional, 266 
Open Source Motor Controllers, 265 
project robot, 18 
4QD, 263-265 
Roboteq AX2500, 266° 
Robotic Sporting Goods, 265 
selecting, 257-258 
spinner weapons, 363 
Vantec, 259-261 


speed (drive motors), compared to torque, 159-160 a 


spiders (flexible spider couplers), 180 . 
spindle sanders, 85-87 
spinner weapons 
bearings, 360 
driving, 363 
gyros and, 362 
horizontal compared to vertical spinners, 359-360 
internal combustion engines, 363-364 
overview, 357-358 
speed controls, 363 
steering effects, 361 | 
torque, 360 
spiral taps, 32 
spiral-point taper taps, 120 
sponsorships, titanium suppliers and, 51 
spring clips (roller chain), adding, 203-205 
springs, 181 
sprockets (drive systems) 
ANSI numbers, 191 
bore size, 192 
described, 189 
diameters of, 192-193 
fixed axle systems, 197 
gear ratios, 192 
material, 193 
mounting, 193-197 
project robot, 18 
selecting, 190-193 
shaft collars and, 178 
squares (measuring tool) 
described, 29. 
drilling true holes and, 109 | 
stages, gear ratios and, 161 
stainless steel, 48 
stall current, 276 
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stall-torque (motors), 146 
standard ball bearings, mounting, 169 
standards, regular drill bits, 103 
starter motors, internal combustion engines, 364 
starting screws, 133 
stationary sanders, 83-85 
steel 
1045 chrome-plated steel shafts, live axles, 174 
cutting 
abrasive cutoff saws, 77-78 
bandsaws and, 67 
horizontal bandsaws, 70-72 
‘heat-treating, 48 
overview, 47-48 
steel rules, 28 
" steering 
tank-turn, debugging, 404 
tank-turn with elevon, 397-400 
tank-turn without elevon, 400-403 
steering issues, spinner weapons, 361 
stepped drill bits, 30, 104 
stick wax, 40 
straight handle tap wrench, 120 
stroke (pneumatic cylinders), 427 
Sullivan starter motors, 154-155 
superheavyweight competitions, batteries, 292 
suppliers, 469-476 
switch brackets, electrical systems, 296-297 
swivel casters, 175-176 


ae 
2024-T3 aluminum, 46 
6061-T6 aluminum, 46 
tang (files), 79 
tank cutoff (pneumatic air tanks), 432 
tanks (pneumatic), filling procedures, 459-460 
tap drills, 120 
tap handles, 120 
tap wrenches, 32 
tape measures 

described, 28 

techniques, 54 
tapping 

battery voltage, 279-280 

procedure, 121 
tapping and drilling tools, 30-32 
tapping holes 

drills, 120 

lining up holes, 122 

project robot, 125 

overview, 123 
screw sizes, 120 





taps 
broken 
causes, 122-123 
solutions, 123 
described, 32 
drill presses and, 121 
types, 120 
Team Whyachi T-Box motor, 157-158 
Team Whyachi wheels, 232 
teflon tape, installing tubing and fittings, 444 
televised competitions, 2 
tempering metal, 45 
tensile strength, 45 
tension loads (bolts), 138 
tensioners (roller chain drives), 211~—215 
testing 
control system, 329-330 
failsafe precautions, 330-331 
failure limits, 331-332 
pre-test checklist, 328-329 
project robot, 336-342 
range, 331 
safety, 327 
selecting motors, 166 
T-handle tap wrench, 120 
thin stock, clamping for drilling, 112 
ThinGap gearbox, 158-159 
threading, 439 
threadlockers 
described, 40 
Lexan and, 137 
Loctite, 137 
threads (screws), 132 
three-way valves (pneumatics), 451-452 
through-hole drill, 120 
thwack weapons, 365-367 
Ti6AL-4V titanium, 50 
tie downs, wiring procedures, 320-321 
time requirements 
described, 3 © 
project robot, 16 
timing, motors, 164-165 
tire traction compound, 40 
tire tread patterns, 223 
tires, 228-235 
titanium . 
cutting, 63 
drilling, 118 
fire hazards of, 63 
overview, 50-51 
to-do lists, importance of, 5-6 
tool steels, 48 








tools 
deburring tools, 92-95 
handtools, 23~38 
machine tools, 40-42 
measuring and marking materials, 53 
portable sanders, 87-92 
power tools, 38-39 
spindle sanders, 85-87 
stationary sanders, 83-85 
tooth pitch (saw blades), 58 
torque 
drive motors, 143 
compared to speed, 159-160 
spinner weapons, 360 
torque constant method (electrical current requirements), 
| 277-278 
torsion springs, 181 
track drive, 233 
traction (wheels) 
importance of, 222-223 
improving, 235 
transporting, batteries, 283 
troubleshooting 
drive system problems, 372-374 
electrical system problems, 376-378 
weight problems, 369-372 
true holes (drilling) 
cordless drills, 109-110 
importance of, 105 
_ procedure, 106 
TS (tensile strength), 45 
tubing 
installing, 444 
pipe threading and sizes, 439 
quick-connect, 443-444 
tungsten carbide cutter, 89 
twist drill bits, 103 
two-piece clamp-on collars, 178 
two-way valves (pneumatics), 450-451 
two-wheel drive, wheel selection and, 225 


U 
u-joints, 180-181 
UNC (Unified Coarse) screw threads, 132 
UNF (Unified Fine) screw threads, 132 
Uni-bits 

drilling thin stock, 112 

overview, 30-31, 104 

project robot and, 126 

screw holes, not lined up, fixing, 133 
universal joints, 180-181 


V 


vacuums, 37 
valve-regulated sealed lead acid (VRLA) batteries, 283 
valves (pneumatics) ~~ 
C, calculations, 447-449 
manufacturers, 456 
overview, 447 
ports and ways, overview, 449-450 
solenoid pilots, 455—456 
Vantec speed controls, 259-261 
velcro, 140 
vertical mills 
described, 41 
press-fit bearings, 170-172 
vise-grip pliers, 26-27 
vises, protecting parts when using, 60 
voltage, increasing in batteries, 279-281 
voltage ratings (motors), 146, 165 
VRLA (valve-regulated sealed lead acid) batteries 283 


W 
walking drives, 233 
weapons 
breaking bolts, avoiding, 138 
clampers, 350-352 
crushers, 353-354 
cutting, 367 
design considerations, 12 
electrical current requirements, 278 
hammers, 354-356 
launchers, 356-357 
legality of, 3 
lifters, 348-349 © 
materials, tool steels, 48 
pushers, 347-348 
rams, 346-347 
safety issues, 343-344 
servos, creating, 352 
spinners 
bearings and, 360 
driving, 363 
gyros and, 362 
horizontal compared to vertical spinners, 359-360 
internal combustion engines, 363-364 
overview, 357-358 | : 
speed controls, 363 
steering effects, 361 
torque, 360: 
thwack bots, 365-367 
driving, 367 
wedges, 345-346 
Continued 


weapons (continued) 
weight budget, 43 
weight calculations, 8 
Web sites 
BattleBots, 2 
metal fabrication software, 16 
nameprotect, 1 
Robot Fighting League, 2 
Robot Wars, 2 
wedges (weapons), 345-346 
weight 
axles, 175 
budgeting, 43 
calculating, for parts, 44 
competitive limits on, 4-5 
design considerations, 7-8 
distribution, design considerations, 9 
drive motors, 147 
motors, selecting, 165 
-regulators, CO, 437 
scales, 34 
troubleshooting problems, 369-372 
weapon design and, 12 
welding . 
described, 142 
mounting sprockets, 194 
welding cable, 305 
West Marine Mini Battery Switch, 307 
wet batteries, 182 
wheels 
ball transfers, 176-177 
bonded, 230-232 
diameter, effect on drive system, 161-162 





dimensions, 224 
drive system considerations, 225-227 
durability considerations, 223-224 
fixed casters, 176 
materials, 223-224 
overview, 221-222 
placement of, 10 
project robot, 18 
protected compared to exposed design, 175 
swivel casters, 175-176 
traction, importance of, 222-223 
weight class, 224 
Whyachi MS1, 308-309 . 
wire gauge 
introduction, 303-305 
wiring procedures, 317-318 
wire strippers, 35 
wiring 
procedures, 316-321 
selecting wire, 303-306 
wiring electrical components, project robot 
overview, 294 
power LEDs, 294-296 
receiver, installing, 300 
secondary power switch, 299-300 
wood, 51 
wrap (roller chain drives), 212-212 
wrenches, 24-26 


Y 


yeild strength, 45 
YS (yeild strength), 45 
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Enter the arena of 
the metal gladiators 


Grant Imahara is an animatronics engineer 
and modelmaker for George Lucas’ Industrial 
Light & Magic and one of the official operators 
of the beloved R2-D2. His movie credits 

include Jurassic Park: The Lost World, Star Wars®: 








Do you have what it takes to build a battle-ready robot? You do Episode |—The Phantom Menace, Terminator 3: 

“lel a mace laice tals pie ans, ner -by- “step | di rect) Ions, Aes 4 pert advice Rise of the Machines, and Matrix: Reloaded”. 

that will put you In competition—w!I le you have a heck of a lot aban ere ree eee 
sce 9th r és champion that strikes terror into the hearts 

of fun getting there. Deadblow’s creator shares edhiien he’s of competitors. 

learned about bo 


tools and techniques for 
metal socking: the parts 
you need and where to get 
them, and plenty of tips to 
keep you off the ropes. 
When you’re finished, 
you'll be ready to rumble. 
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corner... 
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